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The need for using electricity has reached a point of civilization where electricity is utilized for 
all purposes. However, in recent times, construction of new large power generating plants is not 
keeping pace with growing electricity demand. Meanwhile, consumer demand for even more 
reliable power is increasing day by day. In centralized power generation concepts, providing 
power to the rural areas and islands has always been a big challenge for electricity distributors 
and suppliers due to transmission costs and difficulties to maintain the power quality. Also, 
remote locations and islands typically suffer from an energy shortage and lack of water security 
and profoundly depend on diesel generators and diesel backup systems for electricity. 
Furthermore, fuel transportation and storage cost have continued to fluctuate and grow which 
can potentially lead to prevent investment in other social and economic growth for these 
communities. 
To reduce dependency on costly, logistic incentive and fossil fuels imports, the renewable 
energy sources are used to deliver sustainable, reliable energy to the rural areas and island 
communities in the form of micro-grids or mini-grids. Micro-grids can accommodate renewable 
and non-renewable energy sources such as Photovoltaic (PV) systems, wind turbines and also 
diesel generators. In addition to renewable sources of energy, battery energy storage system can 
also be integrated into the micro-gird concept. 
The Garden Island Micro-Grid (GIMG) at WA, Australia will be the world’s first demonstration 
of a wave energy integrated micro-gird and desalination facility. The underlying concept of this 
project will be to demonstrate the integration of a 2MW solar PV and a Battery Energy Storage 
System (BESS) which required meeting the power demands of the Island. The core purpose of 
this thesis document is to design a 2MW PV array system for the GIMG project. This report 
will outline the research, design, and analysis including the literature review, as well as in-depth 
description of the simulations that were conducted to design the PV system. The 2MW PV 
system design was approved by the Energy Made Clean’s (EMC) design manager as well as the 
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Chapter 1 Introduction 
1.1 Context and Scope 
A micro-grid is typically a small scale, low voltage distribution grid which can be grid-
connected or off-grid. Micro-grids provide power to islands, rural areas, and remote operations 
that have limited or no access to primary grid power. Traditionally, micro-grids use diesel 
generators and diesel backup systems for electricity. In some micro-grids, integration of 
renewable energy technologies such as wind turbines and solar arrays are used in combination 
with diesel generators. However, because they are limited in the capacity to generate energy, 
micro-grids are susceptible to potential deficiencies that include high fuel consumption and 
reliability issues. Micro-grids must continually manage fluctuations in demand and generation 
to maintain the correct frequency which is the requirement for grid stability. An interruption in 
this frequency can lead to power quality issues that can result in blackouts. In order to regulate 
frequency, a defined percentage of total generation capacity must be reserved for managing 
fluctuations in demand and generation. This reserve capacity is used to ramp power up or down 
to increase or decrease electricity supply to the grid, and the remaining percentage is dedicated 
to base load power. However, ramping is not the most efficient use of generators as it consumes 
more fuel and increases transportation costs and creates wear and tear on the equipment, 
increase maintenance costs and leads to higher carbon emissions. Micro-grids are also 
susceptible to the variable nature of the wind and solar power generation. Variations in winds 
and partly cloudy days may cause significant minute-to-minute fluctuations in output. In 
response, diesel generators must ramp even harder and more frequently to smooth variation in 
renewable generated power which leads to further increased costs associated with ramping. 
Therefore, a Battery Energy Storage System (BESS) is utilized to deliver real and reactive 
power to the micro-grid. Also, a BESS reduces the need to ramp diesel generators allowing 
them to run more often at optimal efficiency or shift entirely to backup power. This results in 
lower fuel consumption, fuel transportation costs, extends the life of diesel assets, reduces wear 
and tear and lowers the carbon emissions. 
The Garden Island Micro-Grid project has been developed due to the semi-isolated location, and 
2 
the loads existed on the Garden Island which requires a secure and reliable power supply. A 
proposed solution to these challenges is a micro-grid which maximizes the contribution to the 
Garden Island power system through: 
• A more robust power supply;  
• Enabling a reduction in peak demand; 
• Taking Garden Island off-grid (relying solely on the microgrid) for a small number of hours 
per year, with a bump-less transfer between grid connected and islanded operation.  
In January 2016, Energy Made Clean, and Carnegie Wave Energy companies have joint forces 
to build a micro-grid system on the Garden Island just offshore of the mainland. This micro-grid 
system will be the world’s first demonstration of a wave energy integrated micro-grid and 
desalination plant with an “islanded” grid system generating both renewable and non-renewable. 
The new proposed infrastructure associated with the Garden Island Micro-Grid (GIMG) project 
will consist of:  
• Up to 2MWp of solar PV; 
• An Energy Storage System with load following capabilities while off grid; 
• An advanced Control System;  
• Bi-directional capability and bumpless transfer to meet Western Power Technical Rules for 
grid compliance. 
The GIMG plant and equipment will be integrated with existing infrastructure that consists of:  
• Wave energy arrays;  
• A seawater reserve osmosis desalination plant. 
The thesis will explore the design an array system of Polycrystalline PV modules with an 
installed capacity of 2MWp mounted on fixed array frames set with an optimized orientation 
and tilt angle for the preferred site on Garden Island. Also, the PV system of the GIMG project 
will be simulated, and various models/design options will be investigated based on their energy 
yield, technical aspects as well as economic integrity. Furthermore, the components of the PV 
system will be sized according to Australian standards, and various Single Line Diagram (SLD) 
will be produced. The choice of the PV module and the inverters will be compatible with the 
environmental conditions experienced and be capable of achieving the desired operating mode 
for the GIMG project. The solar PV inverters and associated wiring and connections will enable 
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the GIMG project technical outcomes to be achieved, including compliance with the Western 
Power Technical Rules.   
1.2 Objectives 
The main purpose of this work was to design, simulate and analyze a 2MWp PV array system. 
The PV system which is part of the micro-grid, will be used when the micro-grid’s output is less 
than the Garden Island facilities demand. Under this mode of operation, it is intended that the 
solar PV components of the GIMG system will contribute to the energy demand of the island. In 
other words, does the PV array system generate sufficient annual energy according to the 
intended design? Without energy yield viability, this project would cause a loss to the company 
and Garden Island Authority and would therefore not be implemented. The energy yield of this 
project was analyzed and explained comprehensively within the report as it is the primary focus 
of the project. Also, a simulation was carried out to determine the energy yield. This simulation 
was done using HelioScope simulation software. This simulation was used to investigate the PV 
array configuration, tilt angle, components sizing and inverter selection. 
The project goals and timelines are set, and the project will be entering the commissioning 
phase by the second half of 2017. 
1.3 Literature Review and Results 
Electricity suppliers for the remote area are not delivering enough support for electricity 
network expansion to provide electricity to the communities. Thus, high cost and not reliable 
stand-alone generators are used to deliver electricity to the localities. Consequently, the need for 
implementing micro-girds for isolated locations has increased. Hence, reliable and secure 
micro-grid systems provide electricity to the main public services such as hospitals and 
infrastructure as well as improve the economics of the island (GM Shafiulllah 2014). For 
instance, the Rottnest Island Water and Renewable Energy Nexus (WREN) project combined 
the inventive use of renewable energy as well as intelligent control systems to decrease the use 
of the diesel fuel to generate power and supply clean drinking water at Rottnest Island. The 
island consumes 800kW of peak power a day which the wind turbine has already generated 
600kW of that. Also, the solar farm contains 8000 panels which generate 600kW. The 
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combination of wind and sun can produce more than enough, so on sunny days, extra energy 
used on the island is used to provide clean water (Rottnest Island Water and Renewable Energy 
Nexus (WREN) project 2015). Therefore, a feasibility study was conducted for the Rottnest 
Island which took into consideration the energy forecast. This analysis was carried out in the 
Hybrid Optimization Model for Electric Renewable (HOMER) software along with site location 
and data collection. HOMER allows the renewable system designer to compare various design 
options based on their energy yield (R. I. EMC 2016) . 
The research, analysis and the results in the following chapters will provide readers with a 
fundamental understanding of the design of a PV array system. Also, the subsequent chapters 
will cover the background research which consists of a definition, methods developed, both 
theoretical and simulation analysis along with the outcomes. The significance of the results will 
be presented in a concise and structured manner. Also, the findings will be clearly explained to 
ensure that the works accomplished within this project are readily understood, and objectives of 




Chapter 2 Sun’s Position in the Sky  
2.1 Overview 
The sun’s ray falling on a PV module surface determine the amount of power produced by the 
PV module. Hence, the sun’s position in the sky is directly proportional to the solar irradiance at 
any given location on the earth (Sun Motion, PVeducation 2016).  Thus, it is important to 
develop a systematic method to determine the sun’s position in the sky, and this has been 
considered and is thoroughly explained in the following sections.  
2.2 Motion of the Sun 
The rotation of the earth about its axis results in the actual movement of the sun. The sun seems 
to travel throughout the sky from a fixed location on earth as is shown in Figure 1. This motion 
has the main effect on the quantity of the power obtained by the photovoltaic module (Sun 
Motion, PVeducation 2016). 
 
Figure 1 Route of the Sun in the Southern Hemisphere (Sun Motion, PVeducation 2016) 
The power intensity on the PV module surface is decreased as the angle between the sun and PV 
module surface changes (Sun Motion, PVeducation 2016). The angle between the sun and a site 
location on earth is subject to the following factors: 
• The latitude and longitude of the location; 
• The time of year; 
• The time of day. 
Several aspects are required to be taken into consideration to carry out the complete modeling of 
the PV system of the GIMG project. The above factors will be discussed in greater detail in the 
following chapters. 
2.3 Solar Noon 
When the sun's position is the highest in the sky, and its direction is exact north, this is 
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identified as solar noon (Time Conventions 2016).  
2.4 True Solar Time 
True solar time is characterized by the difference between the sun and the Greenwich Hour 
Angle (GHA) of a fixed location, which varies by approximately 15° an hour (15° =360°/24 
hours) as the sun crosses the sky. Solar noon is used as the reference time for true solar time. 
The GHA is the angular distance west of the prime meridian, and it is measured from 0° to 
360°. For example, if a site is located at a longitude of 35° W, it has a GHA of 35°, whereas the 
GHA of a location at a longitude of 35°E is 325° (Time Conventions 2016). 
2.5 Mean Solar Time 
Mean solar time is the solar time used if there is no day to day variation in the Greenwich Mean 
Time (GMT) of solar noon at a fixed location. The mean solar determined by the local standard 
time and the difference between the GHA of the location and the GHA equivalent to the local 
time zone (Time Conventions 2016). 
2.6 Equation of Time  
The time that reads from the watch is different from the sundial time. One reason is due to use 
of times zone that is taken from static longitude 15° apart. For instance, Australian Western 
Standard Time (AWST) is denoted to the longitude of 115° East of the prime meridian and this 
indicates a time which is 8 hours ahead of GMT (Thompson 2016). Thus, the equation of time 
(EOT) is the relationship between true and mean solar times as a function of GMT of the year 
(K.Jazayeri 2013). The graph of the equation of the time is illustrated in Figure 2. The equation 
of time consequences from:  
• The 23° tilt of the earth's rotational axis; 
• An elliptical orbit of the earth around the sun.  
 
Figure 2 Equation of Time (Thompson 2016) 
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The empirical equation of time is presented in Equation 1. 
𝐸𝑜𝑇 = 9.87 𝑠𝑖𝑛(2𝐵) − 7.53 𝑐𝑜𝑠(𝐵) − 1.5 𝑠𝑖𝑛(𝐵) 





×(𝑑 − 81) 
𝐸𝑜𝑇: Equation of time, in minutes; 
𝐵 is in degrees and 𝑑 is the number of the days from the time of the start of the year (K.Jazayeri 
2013). 
2.7 Local Time  
Local time (LT) is defined as a time in particular region or time zone. 
2.8 Local Standard Time Meridian  
The reference meridian used for a given time zone is Local Standard Time Meridian (LSTM) 
(A.A.Rizvi 2016). The local Standard Time Meridian is shown in Figure 3. 
 
Figure 3 Local Standard Time Meridian (PVeducation 2016) 
The local standard time meridian can be calculated using the following Equation 2. 
𝐿𝑆𝑇𝑀 = 15°× ∆𝑇𝐺𝑀𝑇 
Equation 2 Local Standard Time Meridian  
Where: 
𝐿𝑆𝑇𝑀: Local standard time meridian, in degrees; 
∆𝑇𝐺𝑀𝑇: The difference of the local time from Greenwich mean time, in hours. 
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2.9 Time Correction Factor  
The Time Correction (TC) factor is a function of: 
• The equation of time; 
• The meridian of the local standard time zone; 
• The longitude variation within the time zone. 
Equation 3 is used to obtain the time correction factor. 
𝑇𝐶 = 4 ×(𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 − 𝐿𝑆𝑇𝑀) + 𝐸𝑜𝑇 
Equation 3 Time Correction Factor 
Where: 
𝑇𝐶: Time correction, in minutes; 
𝐿𝑆𝑇𝑀: Local standard time meridian, in degrees; 
𝐸𝑜𝑇: Equation of time, in minutes. 
The factor of 4 is the representation of the fact that the earth rotates 1° every 4 minutes 
(J.Fonseca-Campos 2016). 
2.10 Local Solar Time  
The Local Solar Time (LST) can be obtained by using the previous corrections (Local Time and 
Time Correction Factor) to adjust the local time. The LST can be computed using the following 
Equation 4 (A.A.Rizvi 2016). 




Equation 4 Local Solar Time  
Where: 
𝐿𝑆𝑇: Local solar time, in minutes; 
𝐿𝑇: Local time, in hours; 
𝑇𝐶: Time correction, in minutes. 
2.11 Hour Angle  
The Hour Angle (HRA) is used to transform the local solar time into the number of degrees 
which the sun traverse across the sky. The sign of the hour angle varies throughout the day. In 
the morning, the hour angle is negative, on the contrary, in the afternoon the hour angle is 
positive (S.A.M.Maleki 2017). The hour angle can be calculated using Equation 5. 
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𝐻𝑅𝐴 =  15°× (𝐿𝑆𝑇 − 12) 
Equation 5 Hour Angle  
Where: 
𝐻𝑅𝐴 : Hour angle, in degrees; 
𝐿𝑆𝑇: Local standard time, in minutes. 
2.12 Declination Angle 
The angular distance of the sun south or north of the earth’s equator is defined as the declination 
angle, and it is denoted by 𝛿. The declination angle changes seasonally due to the tilt of the 
earth on its axis of rotation and the rotation of the earth around the sun. The earth is tilted by 
23.45° and the declination angle varies from 23.45° north to 23.45° south. Figure 4 illustrates 
the rotation of the earth around the sun and the changes in the declination angle (S.A.M.Maleki 
2017). The declination angle can be obtained using Equation 6, 
𝛿 =  𝑠𝑖𝑛−1( 𝑠𝑖𝑛(23.45 °)) × sin  ( 
360
365
×(𝑑 − 81)) 
Equation 6 Declination Angle 
Where: 
𝑑 : day number. January 1st = day 1. 
 
 
Figure 4 Declination angle Throughout a Year (PVeducation 2016) 
2.13 Elevation Angle 
The elevation angle or altitude angle as shown in Figure 5 is the angular height of the sun in the 
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sky measured from the horizontal. It describes how high the sun appears in the sky. According 
to the latitude of a particular location and the day of the year, the elevation angle varies 
throughout the day. The maximum elevation angle is a major factor that requires being taken 
into consideration while designing a photovoltaic system. The maximum elevation angle 
depends on the declination angle, latitude and occurs at solar noon (A.A.Rizvi 2016). 
 
Figure 5 Elevation Angle (PVeducation 2016) 
At sunrise and sunset, the elevation angle is 0°. When the sun is directly overhead, the sun angle 
is 90°. Elevation angle can be calculated using Equation 7. 
α =  𝑠𝑖𝑛−1[𝑠𝑖𝑛 𝛿 𝑠𝑖𝑛 𝜑 + 𝑐𝑜𝑠 𝛿 𝑐𝑜𝑠 𝜑 𝑐𝑜𝑠(𝐻𝑅𝐴)] 
Equation 7 Elevation Angle 
Where: 
α: Elevation angle, in degrees; 
𝛿: Declination angle, in degrees; 
𝜑: is the latitude, in degrees; 
𝐻𝑅𝐴: Hour angle, in degrees. 
2.14 Azimuth Angle 
The azimuth angle as shown in Figure 6 is the compass direction from which the sunlight is 
coming. The sun is always directly north in the southern hemisphere and directly south in the 
northern hemisphere. These directions occur at solar noon (PVeducation 2016).  
 
Figure 6 Azimuth Angle (PVeducation 2016) 
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The azimuth angle changes based on the latitude and time of the day. This angle can be 
calculated using Equation 8. 
Azimuth =  cos−1× (
sin(δ) cos(θ) − cos (δ) sin(θ) cos (HRA)
cos (α)
) 
Equation 8 Azimuth Angle 
Where: 
𝛿: is the declination angle, in degrees; 
𝜃: is the latitude, in degrees; 
𝐻𝑅𝐴: is the hour angle, in degrees;   
𝛼: is the elevation angle, in degrees. 
2.15 Zenith Angle 
The zenith angle as shown in Figure 7  is the angle a beam of light makes on a line drawn 
perpendicular to the surface of the earth (PVeducation 2016). 
 
Figure 7 Zenith Angle (PVeducation 2016) 
The zenith angle is calculated using Equation 9. 
Zenith = 90° −  α 
Equation 9 Zenith Angle 
Where: 
𝛼: is the elevation angle, in degrees. 
2.16 Solar Access 
It is required to obtain the solar window as a part of analyzing and investing the PV farm system 
in the GIMG PV farm project. Solar access is the term used to describe the amount of useful 
sunshine without any obstruction. A sun path chart is used to calculate solar access. 
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2.17 Solar Window 
The sun path is highest in the sky on the summer solstice (~December 21st) which is the longest 
day of the year. On the other hand, the sun path is the lowest on the shortest day of the year 
which is the winter solstice (~June 21st). The longer the path, the more hours the sun is in the 
sky. Throughout, the year, the sun path will move up and down between these two extremes. 
According to Clean Energy Council design guideline, at 10:00 am on December 21st, the sun 
has raised in the east end is high in the southern sky. However, on June 21st, the sun is lower in 
the sky at the same time of day (Clean Energy Council 2013). Two lines were drawn on the sky 
dome between these two positions as shown in Figure 8. These lines show where the sun will be 
for the rest of the year. As the sun’s path moves up and down through the seasons, the position 
of the sun will always be somewhere on these lines. (Krishnamurthy 2013).  
 
Figure 8 Solar Window (PVeducation 2016) 
As is shown in Figure 8, there is a rectangle on the sky dome showing where the sun will be 
between 10:00 am and 2:00 pm throughout the year. The area inside this rectangle is called solar 
window for a specific location. To receive the maximum solar energy, it is required that the 
solar window does not be shaded by any obstacles between 10:00 am and 2:00 pm at any cost 
during most of the year especially on 21st June as the sun is the lowest in the sky  (Clean Energy 
Council 2013). The sun positions should be the same at these two points of time as the sun 
traverse the sky.  
2.18 GIMG PV Farm:  Sun Position Calculation 
To obtain the PV layout of the GIMG PV farm system. First, it was required to find the sun’s 
position in the sky. The sun’s position consists of the azimuth and elevation angles at solar 
noon. The calculation process for these angles is explained as follows. 
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2.19 GIMG PV Farm: Site Location Information 
The data for Longitude, Latitude and Time Zone (GMT) of the GIMG PV farm site are 
available on several websites such as Time and Date or Nearmap. The specific site information 
related to the Garden Island PV farm site is tabulated in Table 1. 
Table 1 Site location information for Garden Island PV Farm 
Longitude ( ° ) Latitude ( ° ) Time Zone (Hrs) Elevation (m) 
115.68 −32.24 +8:00 7.1 
2.20 GIMG PV Farm: Sun Position, Analytical Method 
The position of the sun in the sky can be determined from the location and the time of day. 
Table 2 presents the sun altitude at 10:00 am and 02:40 pm on 21st June. This date was chosen 
as the sun is lowest in the in the sky in the southern hemisphere. Thus, the energy yield 
calculation is based on the worst case scenario which is winter solstice (Clean Energy Council 
2013). 
Table 2 GIMG PV Farm Sun Attitude at 10:00 am and 02:40 pm, Analytical Result 
Sun Position at 10:00 am Abbreviation 10:00 am 02:40 pm Unit 
Equation of Time EoT -1.45 -1.45 Minutes 
Local Standard Time Meridian LSTM 120 120 Degree 
Time Correction Factor TC -18.73 -18.73 Minutes 
Local Solar Time LST 9.69 14.09 Minutes 
Hour Angle HRA -34.68 31.32 Degree 
Declination Angle 𝜹 23.45 23.45 Degree 
Elevation Angle  𝛂 25.20 26.78 Degree 
Azimuth Angle  Azimuth 35.24 327.71 Degree 
Zenith Angle Zenith 64.80 63.22 Degree 
2.21 Sun’s Path Chart 
The combination of the sun’s altitude and azimuth measurements describe the real sun’s 
position in the actual sky. Then, a chart can be drawn to show how the sun’s position changes 
throughout the year. This kind of chart is called sun path chart (Khavrus, Time dependence of 
the Sun's altitude 2012). 
2.22 GIMG PV Farm: Sun’s Path Chart, Analytical Method 
The sun’s path chart for GIMG PV farm on June 21st as well as 21st December was analytically 
calculated and shown in Figure 9. The sun elevation angles are shown in Figure 9 (a) as the 
worst case (winter solstice) is used for PV design calculation. 
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(a) Sun Path Chart on 21st June 
(Winter Solstice) 
 
(a) Sun Path Chart on 21st December 
(Summer Solstice) 
Figure 9 GIMG PV Farm: Sun Path Chart, Analytical Result 
From above chart, the highest point of the parabolic sun path which is 90 degrees corresponds to 
zero on X-axis. The bottom line of the chart measures the sun direction. The center of the chart 
is 0 degree or true north. The intersection of the sun’s altitude and azimuth on the chart shows 
the sun’s position in the sky. Also, the sun path chart for the different hours of the day is 
presented in Figure 10. Please note the steps in the graph in Figure 10 are due to choosing small 
time scale for accurate reading of elevation angle. 
 
 
(a) Sun Path Chart, Sun Altitude vs. Time  
on 21st June (Winter Solstice) 
 
(b) Sun Path Chart, Sun Altitude vs. Time 
on 21st December (Summer Solstice) 














































































































































































































































































As it can be seen in Figure 10, the sun altitude is higher on 21st  December. It indicates that the 
amount of heat generated by the sun is higher in summer for the southern hemisphere. Also, it 
has a much longer duration travel time on the sky. However, the sun altitude is lower on June 
21st  which indicates the sun heat is less in the winter season, and the temperature is a bit cooler. 
The sun altitudes and azimuth angle for both times, 10:00 am and 02:40 pm for winter solstice 
is shown in Table 3. 
Table 3 GIMG PV Farm: Sun Position in Winter Solstice, Analytical Result 
Sun Position (Sun Altitude) 
 Elevation Angle (Degree) Azimuth Angle (Degree) 
10:00 am 25.20 -35.24 
02:40 pm 26.78 32.29 
2.23 GIMG PV Farm: Sun’s Path Chart, Simulation 
The Sun Path Chart Program was used to confirm the analytical results in section 2.22. The 
sun’s paths on the shortest and longest days of the year are shown in Figure 11. The position 
lines for the hours of the day were also graphed in order to show the solar window. This is the 
area of the sky where the sun will be between 10:00 am and 2:40 pm throughout the entire year. 
The monthly sun’s path was also included for the rest of the year. There are only five more 
paths because the sun’s path duplicated as it moves up and down through the seasons. For 
example, the sun’s path on March 21st is the same as the path on September 21st (Sun Path Chart 
Program 2016). There is a very small differences between analytical and simulation results 
which are due to rounding up of the decimal places in the simulation software. 
 
Figure 11 GIMG PV Farm: Sun Path Chart, Simulation Software  
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2.24 Sun’s Path Diagram 
Sun path diagram (also known as "solar path diagram," "sun chart" or "solar chart") is a 
visualization of the sun's path through the sky. This path is formed by plotting azimuth 
(horizontal) and elevation (vertical) angles of the sun in a given day to a diagram (Khavrus, Sun 
path diagrams 2010). 
2.25 GIMG PV Farm: Sun’s Path Diagram, Analytical Method 
The sun’s path diagram for GIMG PV farm on winter solstice and summer solstice was 
analytically calculated and overlaid on the sun path diagram as is shown in Figure 12.  
 
(a) Sun Diagram at 10:00 am 
 
(b) Sun Diagram at 02:40 pm 
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2.26 GIMG PV Farm: Sun Path Diagram, Simulation 
An alternate calculator for the sun's altitude was also used to ensure that the calculated sun’s 
altitude corresponds to the analytical calculation. The result of this online calculator is 
illustrated in Figure 13 (PVeducation 2016). 
 
(a) Sun Diagram at 10:00 am 
 
(b) Sun Diagram at 02:40 pm 
Figure 13 GIMG PV Farm: Sun Path Diagram, Simulation Software  
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Figure 13 (a) and (b) show the position of the sun's azimuth and elevation angles projected onto 
a two-dimensional plane. An elevation angle of 90° corresponds to the stage when the sun is 
directly overhead and appears in the center of the graph. An elevation angle of 0° Corresponds 
to the point when the sun is on the horizon and appears on the outer edge of the chart. The sun 
position for both times, 10:00 am and 02:40 pm is shown in Table 4. 
Table 4 GIMG PV Farm: Sun Position in Winter Solstice, Simulation Software  
Sun Position (Sun Altitude) 
 Elevation Angle (Degree) Azimuth Angle (Degree) 
10:00 am 25.06 35.88 
02:40 pm 25.42 324.74 
2.27 Conclusion 
This chapter detailed the procedure involved in obtaining the sun altitude for the GIMG PV site 
both analytically and using simulation software. Furthermore, it outlined clearly the steps 
involved in obtaining the sun altitude for two different times recommended by the CEC. As is 
presented in Table 5, there is a slight difference between the analytical calculation and 
simulation software which is due to rounding up the values for the latitude and longitude in Sun 
Position Calculator program.  
Table 5 GIMG PV Farm Sun Position Results Comparison, Analytical, and Simulation 
Sun Position (Degree) Analytical Simulation 
10:00 am 
Sun Altitude 25.20 25.06 
Sun Azimuth 35.24 35.88 
02:40 pm 
Sun Altitude 26.78 25.42 




Chapter 3 PV Module Tilt Angle and Orientation  
3.1 Overview 
Several factors are required to be taken into consideration to increase the yield of the PV system 
at the system level. For instance, the maximum Power Point Tracking (MPPT) is a valuable tool 
that ensures that a PV module is always operating at the maximum power point on its I-V curve 
under given a set of irradiance and temperature (DGS, Temporary shading 2010). In addition to 
MPPT, the amount of the light falling on the PV module can be improved at the system level. 
The simplest way to obtain that is by manipulating the orientation and tilt of the PV module 
which will be explained in the following sections. 
3.2 PV Module Tilt Angle 
The tilt angle as shown in Figure 14 is the degree of freedom that defines the elevation of the 
solar module to the horizontal. The reason to change the tilt angle of the PV module is due to 
the earth is revolving around the sun in an elliptical orbit while the 23.5-degree inclination of 
the earth remains the same with respect to the earth’s orbital plane. The earth axis is 
continuously changing its position relative to the sun’s rays. Its effect is that in June and 
December, the sun is closer to the southern and northern hemisphere respectively while in 
March and September is closer to the equator. Thus, there is a need to vary the tilt of the solar 
panel (S. Soulaymana 2015). 
 
Figure 14 PV Module Tilt Angle 
3.3 PV Module Orientation 
The PV module orientation as shown in Figure 15 is the degree of freedom that defines the 
azimuth of the solar module with respect to a position which is in the southern hemisphere case 
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is the geographic north. The need for a change of the orientation may arise, due to energy 
requirement in the morning or afternoon. 
 
Figure 15 PV Module Orientation 
3.4 PV Module Arrangement 
The PV module arrangement is another aspect of the PV module design which is required to be 
considered in the design stage. The PV modules can be mounted in the horizontal or vertical 
arrangement. However, the modules with horizontal configuration required to be cleaned more 
regularly, otherwise substantial losses may arise as a result of soiling. The soiling effects on the 
module arrangement are shown in Figure 16 (DGS, Temporary shading 2010).  
 
(a) Horizontal Arrangement 
 
(b) Vertical Arrangement 
Figure 16 PV Module Arrangement (DGS, Temporary shading 2010) 
3.5 GIMG PV Farm: PV Module Tilt Angle and Orientation 
Many PV systems have panels with fixed mount type frame structure hence designers do not 
have many options, but to choose a single orientation and tilt throughout the year. This fixed 
angle would change depending on the geographical location. For the GIMG PV farm, a fixed 
rack-mounted (ground mounted) PV frame was used. As the site is located in the southern 
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hemisphere and the latitude for GIMG PV farm site is south 32.24°,  the panel is oriented 
towards the north. Also, tilting the array closer to latitude angle will generate more annual 
power output. Thus, the optimized angle for GIMG PV farm based on the maximum energy 
yield would be around 30°, facing north and vertical arrangement. 
3.6 Conclusion 
The maximum annual energy from the array will be obtained if an optimal angle and orientation 
are correctly chosen for the PV modules. The tilt angle should be as close as possible to the 
site’s latitude along with the north facing orientation which is considered for the GIMG PV 
farm system design.  
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Chapter 4 Shading Analysis, Analytical Method  
4.1 Overview 
Shading is one of the most challenging design factors when designing a solar array.  Therefore, 
avoiding shade on the PV array is very imperative. Determining accurate shade spacing is a 
critical computation in PV farm solar design as the net available solar source is limited. In this 
chapter, shading for the GIMG PV farm was investigated, and the results are presented in the 
following sections. 
4.2 Temporary Shading 
Due to the flat terrain nature of the GIMG PV farm site (no obstacles such as large trees or 
vegetation), only temporary shading was taken into consideration in PV module tilt and 
orientation. Temporary shading includes factors such as leaves, bird dropping, and soiling. 
Soiling is a significant factor especially in terrain close to the sandy beach which affects the 
solar energy yield. Thus, greater tilt angles increase the flow speed of the rainwater and, hence, 
help to carry away dirt particles. This type of shading can be reduced by increasing the tilt of the 
PV array which is an advantage when self-cleaning is done on the module (DGS, Temporary 
shading 2010). 
4.3 Shading Analysis on Fixed Tilt Racking 
The row spacing calculation can be determined using the sun altitude and tilt angle. Figure 17 
shows a side view of a tilted array showing the sun elevation angle.   
 
Figure 17 Tilted Array Showing the Sun Angle 
(Calculating Tilted Array Spacing 2016) 
In most fixed tilt and ground-mounted racking systems; the raw spacing is a concern. As it can 
be seen in Figure 17, the height (X) of the obstruction can be directly calculated from the 




𝑋 =  𝑠𝑖𝑛(𝑇𝑖𝑙𝑡°) × 𝐿𝑒𝑛𝑔𝑡ℎ 
Equation 10 Tilt Height 
Where: 
𝑋: is the tilt height, in m; 
𝐿𝑒𝑛𝑔𝑡ℎ: is the module length, in m; 
𝑇𝑖𝑙𝑡: Tilt angle, in degree. 
The minimum inter-row spacing (Y) can be calculated using the azimuth angle. Figure 18 shows 
the top view of the tilted angle. 
 
Figure 18 Top Elevation of Tilted Array Showing the Azimuth Angle 
(Calculating Tilted Array Spacing 2016) 
The azimuth angle is required to avoid the shade within the solar window (10:00 am to 02:40 
pm for GIMG PV farm). The inter-row spacing can be calculated using Equation 11 (PV Array 
Row Spacing 2010). 




Equation 11 Row Spacing 
4.4 GIMG PV Farm: Row Spacing, Analytical Method 
The row spacing calculation was carried out in Excel on 21st June (winter solstice), and the 
results for the height (X) of the obstruction as well as the required row spacing for the GIMG 
PV farm are shown in Table 6. 
Table 6 GIMG PV Farm: Required Row Spacing, Analytical Result 
Row Spacing 
Height of the Obstruction  X 1956 𝑚𝑚 1.956 𝑚 
Inter-Row Spacing Y 3394.91 𝑚𝑚 3.39 𝑚 
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4.5 GIMG PV Farm: Row Spacing, Simulation  
The required row spacing for GIMG PV farm as shown in Figure 19 was also calculated in the 
Solar Shading Calculator software. This simulation was carried out on 21st June as the minimum 
requirement by CEC is that the north-facing rows should not shade each other within the solar 
window time. 
 
Figure 19 GIMG PV Farm: Required Inter-Row Spacing, Solar Shading Calculator 
The required row spacing result for GIMG project is presented in Table 7. 
Table 7 GIMG PV Farm: Required Row Spacing, Solar Shading Calculator 
Row Spacing 
Inter-row Spacing Y 4094 𝑚𝑚 4.094 𝑚 
4.6 Conclusion 
This chapter explored the idea of the shading with free-standing PV arrays. The highest energy 
yield can be obtained when there is optimum inclination as well as row spacing. Both analytical 
and simulation results are shown in Table 8. For GIMG PV farm, 4.0 m row spacing was chosen 
in order to avoid potential shading which leads to an increase in energy yield. The energy yield 
calculation will be comprehensively explained in the later chapters. 
Table 8 GIMG PV Farm: Row Spacing Results Comparison Analytical and Simulation 
Row Spacing Analytical Simulation 






Chapter 5 PV Modules and Inverter 
5.1 Overview 
The type of PV module and their configurations depends on the PV system applications. 
Depending on the size of the PV systems; several modules can be connected as this is called an 
array (AS/NZS 5033: PV Standards 2014). 
The inverter is the main component of the PV systems. The grid-compliant alternating current 
(AC) which will be fed into the distribution network can be obtained from the direct current 
(DC) of the PV modules. The inverter also ensures that the PV modules always operate at their 
maximum power as most recent inverters include the Maximum Power Point Tracker (DGS, 
Central Inverter Concept 2010). 
5.2 GIMG PV Farm: PV Module Type 
The PV module which was selected for the GIMG PV farm is manufactured by Risen Solar 
Technology. This polycrystalline type module was chosen by the tendering team at Energy 
Made Clean as it is much cheaper and higher in efficiency compared to monocrystalline. The 
required critical design specifications of the PV module are shown in Table 9.  
Table 9 Electrical Characteristic at STC for Risen Solar Technology PV Module 
 (Risen Solar Technology 2015) 
PV Module 
Type Risen Solar Technology 
Model RSM72-6-310P 
Maximum Power 𝑃𝑚𝑎𝑥(𝑊) 310W 
Maximum Power Voltage  𝑉𝑚𝑝(𝑉) 36.50 
Maximum Power Current 𝐼𝑚𝑝(𝐴) 8.50 
Open Circuit Voltage 𝑉𝑜𝑐(𝑉) 45.10 
Short Circuit Current 𝐼𝑠𝑐(𝐴) 9.05 
Module Efficiency ɳ 16 % 
Power Tolerance  ±3% 
Temperature Coefficient of 𝑽𝑶𝑪 % ℃⁄  -0.32 
Temperature Coefficient of 𝑰𝑺𝑪 % ℃⁄  0.05 
Temperature Coefficient of 𝑷𝒎𝒂𝒙 % ℃⁄  -0.39 
5.3 GIMG PV Farm: Inverter Type 
The inverter type typically determines the PV system. Thus, the PV systems can be broadly 
categorized in central and decentralized systems. Also, the module configuration in terms of 
parallel connection should be taken into consideration and optimally matched to the chosen 
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inverter. Two types of inverters were analyzed in the modeling phase of GIMG PV farm as 
explained in the following sections. 
5.4 GIMG PV Farm: String Inverters  
String inverters contain a combination of modules. This series configuration can be formed in 
one or more parallel string and enters the inverter. This type of inverter has higher system 
efficiency, usually between 1 – 3 % by overcoming mismatch losses (DGS, Central Inverter 
Concept 2010). Figure 20 (a) shows the ABB string inverter, ABB-TRIO-50.0-TL-OUTD. This 
inverter was used as one of the modeling approaches for Garden Island PV farm. Figure 20 (b) 
illustrates the concept of string inverter. As it can be seen, PV modules are connected in series 
and enter the inverter DC input.  
 
(a) ABB String Inverter  
(ABB String Inverters TRIO-50.0-TL-OUTD 
50kW 2016) 
 
(b) String Inverter Module 
Configuration  
(DGS, Sub-array and string 
inverter concept 2010) 
Figure 20 String Inverter 
In a central inverter concept, a large array is connected to a large inverter. The central inverter 
has a high-efficiency level as well as optimized system control to ensure that the maximum 
energy is delivered to the power grid from solar modules (DGS, Central Inverter Concept 2010). 
Figure 21 (a) illustrates the ABB central inverter, ABB PVS800. Figure 21 (b) shows a typical 
PV modules configuration which is used in the large plant along with central inverters. The 
central inverter concept was the optimum approach for the Garden Island PV farm after 




(a) ABB Central Inverter concept  
(ABB Central Inverters PVS800, 100 to 
1000kW 2016) 
 
(b) Central Inverter Concept 
Module Configuration 
(DGS, Central Inverter 
Concept 2010) 







Chapter 6 Solar Radiation 
6.1 Overview 
Solar irradiance is radiant power per unit area incident on a surface, commonly expressed in 
units of kW m2⁄  or W m2⁄ . Outside the earth’s atmosphere, the solar power on a surface facing 
the sun’s rays is relatively constant, averaging about 1366 W m2⁄  and is referred to as the Solar 
Constant. Typical peak terrestrial irradiance values are approximately 1000 W m2⁄  on surfaces 
at sea level facing normal to the sun’s rays under clear sky conditions around solar noon. 
Consequently, 1000 W m2⁄  is commonly used as the peak rating condition for PV modules and 
systems (G.D.Rai 1980). Thus, obtaining the solar radiation data is essential in the design and 
energy calculation of the PV system. In this chapter, sources and methods used to obtain the 
irradiance data for the PV system of the GIMG project are presented. 
6.2 Solar Radiation at the Earth’s Surface 
The solar radiation at the earth's surface differs extensively due to the following reason.  
• Latitude of the location; 
• The season of the year; 
• The time of day. 
The above factors have a large impact on the solar radiation obtained at the surface of the earth. 
This variability is due to clouds effects, changing in the season as well as other effects such as 
the length of the day at a particular latitude. For instance, depending on the type of the cloud, 
the total power obtained from the photovoltaic system is significantly reduced (DGS, 
Distribution of Solar Radiation 2010). Thus, above de-rating was considered and elaborated in 
more detailed in the design of the PV system for GIMG project. 
6.3 GIMG PV Farm: NASA Solar Irradiation Data 
Solar irradiation data can be obtained from several sources, such as National Aeronautics and 
Space Administration (NASA) or the Australian Solar Radiation Data Handbook (ASRDH). To 
analyze the energy yield of the GIMG PV farm, the average daily total irradiation on a tilted 
plane of  32° was obtained from NASA website. The 32° angle was chosen as the highest 
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energy yield can be achieved for the PV system when the tilt angle is close to the latitude angle 
of the site. The solar irradiance data of the GIMG PV farm location for different tilt angles is 
shown in Table 10 (NASA Surface Meteorology and Solar Energy - Location 2016). 
Table 10 GIMG PV Farm: NASA Solar Irradiation Data 
Monthly Averaged Radiation Incident on An Equator-Pointed Tilted Surface 
















































Tilt 0 8.4 7.5 5.9 4.3 2.9 2.5 2.6 3.5 4.9 6.3 7.6 8.4 5.44 
Tilt 17 8.1 7.6 6.4 5.0 3.7 3.2 3.4 4.2 5.5 6.6 7.5 8.1 5.81 
Tilt 32 7.4 7.3 6.5 5.4 4.2 3.7 3.8 4.5 5.6 6.5 7.0 7.3 5.81 
Tilt 47 6.4 6.6 6.2 5.5 4.4 4.0 4.1 4.7 5.5 6.0 6.1 6.2 5.5 
Tilt 90 2.4 3.1 3.8 4.1 3.6 3.5 3.5 3.6 3.6 3.1 2.5 2.3 3.31 
Figure 22 illustrates monthly averaged radiation incident on an equator-pointed 32° tilted 
surface. 
 
Figure 22 GIMG PV Farm: NASA Solar Irradiation Data 
6.4 GIMG PV Farm: ASRDH Solar Radiation Data  
To investigate the energy yield of the GIMG PV farm, the solar radiation data was obtained 
from ASRDH. The solar irradiance data of the GIMG PV farm location for various tilt angles 
are shown in Table 11. The average daily total irradiation on tilted plane of 30°was chosen from 
















































































Solar Irradiation Data, NASA
30 
  Table 11 GIMG PV Farm: ASRDH Solar Irradiation Data 
















































Tilt 0 8.1 7.1 5.9 4.2 3.0 2.4 2.6 3.4 4.6 6.0 7.1 8.0 5.00 
Tilt 10 8.1 7.4 6.4 4.8 3.6 3.0 3.1 3.9 5.1 6.4 7.3 8.0 5.63 
Tilt 20 8.0 7.5 6.7 5.3 4.0 3.4 3.5 4.3 5.4 6.5 7.2 7.8 5.68 
Tilt 30 7.6 7.4 5.9 5.7 4.4 2.4 2.6 3.4 4.6 6.6 7.1 8.0 5.52 
Tilt 40 7.0 7.1 6.4 4.2 3.0 3.0 3.1 3.9 5.1 6.0 7.3 8.0 5.15 
Tilt 50 6.3 7.4 6.7 4.8 3.6 3.4 3.5 4.3 5.4 6.4 7.2 7.8 5.62 
Tilt 60 8.1 7.5 5.9 5.3 4.0 2.4 2.6 3.4 4.6 6.5 7.1 8.0 5.27 
Tilt 70 8.1 7.4 6.4 5.7 4.4 3.0 3.1 3.9 5.1 6.6 7.3 8.0 5.79 
Tilt 80 8.0 7.1 6.7 4.2 3.0 3.4 3.5 4.3 5.4 6.0 7.2 7.8 5.41 
Tilt 90 7.6 7.4 5.9 4.8 3.6 2.4 2.6 3.4 4.6 6.4 7.1 8.0 5.36 
Figure 23 shows average daily total irradiation on 30° inclined plane. 
 
Figure 23 GIMG PV Farm: ASRDH Solar Irradiation Data 
6.5 Conclusion 
Both NASA and ASRDH sources generate very similar energy yield as shown in Table 12. 
Therefore, angle of 30° was chosen as the tilt angle for the GIMG PV farm according to 
Australian Solar Radiation Data Handbook source. Another reason to choose this angle was due 
to the limited angle variability on the PV support structure which has been selected by the EMC 
tendering team. The PV support structure angle increments every 5 degrees.the results shown in 
Table 12 will be explained in later chapters. 
Table 12 GIMG PV Farm Energy Yield Comparison, NASA and ASRDH Sources 
Energy Yield NASA ASRDH 



























































































Solar Irradiation Data, ASRDH
 
31 
Chapter 7 Estimating Energy Yield, Analytical Method 
7.1 Overview 
In order to produce a yield forecast, the location and the overall efficiency of a PV system are 
required to be evaluated. To achieve this, the specific loss factors of the PV system will be taken 
into consideration and will be deducted from the theoretically estimated energy yield of the PV 
array (Clean Energy Council 2013). In the following sections, all the losses associated with the 
energy yield calculation for the GIMG PV farm project will be explained in greater detail. This 
energy forecast estimation was calculated analytically and via simulation software.  
7.2 Energy Yield 
Energy yield is defined as the energy output of the system (complete installation) over a given 
time. This is typically considered over a year and includes all losses. The specific yield is per 
kWp of the array which can be used to compare systems. The average daily energy yield can be 
assessed using Equation 12 (Clean Energy Council 2013). 
𝐸𝑠𝑦𝑠 =  𝑃𝑎𝑟𝑟𝑎𝑦_𝑆𝑇𝐶 × 𝑓𝑚𝑎𝑛×𝑓𝑑𝑖𝑟𝑡×𝑓𝑡𝑒𝑚𝑝×𝐻𝑡𝑖𝑙𝑡×𝜂𝑝𝑣−𝑖𝑛𝑣× 𝜂𝑖𝑛𝑣× 𝜂𝑖𝑛𝑣_𝑔𝑟𝑖𝑑 
Equation 12 PV System Energy Yield 
Where: 
𝐸𝑠𝑦𝑠: Average daily energy output of the PV array, in Wh; 
𝑃𝑎𝑟𝑟𝑎𝑦_𝑆𝑇𝐶 : Rated output power of the array under standard test conditions, in W; 
𝑓
𝑚𝑎𝑛
: De-rating factor for manufacturing tolerance, dimensionless; 
𝑓
𝑑𝑖𝑟𝑡
: De-rating factor for dirt, dimensionless; 
𝑓
𝑡𝑒𝑚𝑝
: Temperature de-rating factor, dimensionless; 
𝐻𝑡𝑖𝑙𝑡: Average daily irradiation value (kWh/m




: Efficiency of the subsystem (cables) between the PV array and the inverter, %; 
𝜂
𝑖𝑛𝑣
: Efficiency of the inverter, %; 
𝜂
𝑖𝑛𝑣_𝑔𝑟𝑖𝑑
: Efficiency of the subsystem (cables) between the inverter and the point of connection 
to the grid, %. 
For the GIMG PV farm system, first, it was required to look at what are the loss mechanisms in 
the system. This was achieved by taking into consideration what is coming onto the PV array, in 
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terms of solar irradiance. Also, there are some system components which have losses associated 
with them. These losses are also required to be accounted (Clean Energy Council 2013). Thus, 
the losses in the PV system can be simply broken into two sections in order to calculate the 
energy yield for a PV system. 
1. The de-rating of the PV Array: 
• Manufacture’s tolerance and module mismatch; 
• Dirt; 
• The temperature of the PV module. 
2. The System losses: 
• DC Cable Loss (Voltage drop in DC cables to inverter); 
• Inverter efficiency; 
• AC Cable Loss (Voltage drop in AC cables to the point of connection to the grid). 
7.3 The De-Rating of PV Array 
7.3.1 Overview 
Many environmental factors can influence the power generated by a PV system. These factors 
can effect the estimated efficiency in array sizing. The following sections will discuss each 
parameter in a typical PV system and how these parameters will affect the ultimate energy yield 
of the PV system. The PV array de-rating can be calculated using Equation 13 (Clean Energy 
Council 2013). 
𝑃𝑎𝑟𝑟𝑎𝑦 = 𝑃𝑎𝑟𝑟𝑎𝑦_𝑆𝑇𝐶×𝑓𝑚𝑎𝑛×𝑓𝑑𝑖𝑟𝑡×𝑓𝑡𝑒𝑚𝑝 
Equation 13 PV Array De-rating  
Where:  
𝑃𝑎𝑟𝑟𝑎𝑦: De-rated output power of the array, in kW or W; 
𝑃𝑎𝑟𝑟𝑎𝑦−𝑆𝑇𝐶: Rated output power of the array under standard test conditions, in kW or W; 
𝑓
𝑚𝑎𝑛
: De-rating factor for manufacturing tolerance and mismatch, dimensionless; 
𝑓
𝑑𝑖𝑟𝑡
: De-rating factor for dirt, dimensionless; 
𝑓
𝑡𝑒𝑚𝑝
: Temperature de-rating factor, dimensionless. 
7.3.2 PV Array  
The array’s peak power is obtained using Equation 14 (Clean Energy Council 2013). 
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𝑃𝑎𝑟𝑟𝑎𝑦−𝑆𝑇𝐶 = 𝑛 × 𝑃𝑚𝑝𝑝 
Equation 14 Rated Power of the PV Array 
Where:  
𝑃𝑎𝑟𝑟𝑎𝑦−𝑆𝑇𝐶: Rated output power of the array under standard test conditions, in kW or W; 
𝑛: Total number of module in the PV farm, dimensionless; 
𝑃𝑚𝑝𝑝: The rated maximum power of the selected module at STC (at 1000 W m
2⁄ ) and 25°C cell 
temperature), in W. 
7.3.2.1 GIMG PV Farm: DC Nameplate Size 
Therefore, the total number of the PV module that will be used for GIMG PV farm to generate 
approximately 2MW, is 6400 modules. This number of modules produces 1.98MW DC which 
meets the required system capacity. 
7.3.3 The Manufacturer’s Output Tolerance and Mismatch De-rating 
The accuracy of the manufacturer’s nameplate rating accounts for the de-rating factor 
parameter. Manufacturers’ tolerance is based on a cell temperature of 25℃ at Standard Test 
Condition (STC) (Clean Energy Council 2013). 
7.3.3.1 GIMG PV Farm: The Manufacturer’s Output Tolerance and Mismatch De-
rating 
According to the datasheet of the PV module used in GIMG PV farm project, the manufacturer's 
tolerance and the mismatch are approximately 3%. The result of the de-rated PV array power 
due to manufacturers de-rating factors is shown in Table 13. 
Table 13 GIMG PV Farm: The Manufacturer’s Output Tolerance and Mismatch De-rating 
Manufacture’s Output Tolerance and Mismatch De-rating 
PV Array DC Rated Power  1.98 𝑀𝑊𝑝 
Manufacturers’ Tolerance and Mismatch De-rating 3 % 
De-rated PV Array Power Due to Manufacturer’s Tolerance and Mismatch 1.92 𝑀𝑊𝑝 
7.3.4 Dirt De-rating  
The amount of radiation reaching the surface of the PV module can be reduced as a result of 
building up dirt or other foreign objects. Dirt accumulation on the surface of the PV module 
depends on the site location and weather condition (Clean Energy Council 2013).   
7.3.4.1 GIMG PV Farm: Dirt De-rating 
According to the Grid-Connected Solar PV Systems Guidelines, an acceptable de-rating factor 
is around 5%, if the data on soiling is not available. Thus, the de-rated PV array due to 
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manufacturer's tolerance of 1.92MWp would be de-rated by an additional 5% due to dirt (Clean 
Energy Council 2013). The de-rated PV array power result due to dirt is presented in Table 14. 
Table 14 GIMG PV Farm: Dirt De-rating  
Dirt De-rating 
De-rated PV Array Power Due to Manufacturer’s Tolerance and Mismatch 1.92 𝑀𝑊𝑝 
Dirt De-rating 5 % 
PV Array DC De-rated Power Due to Dirt 1.82 𝑀𝑊𝑝 
7.3.5 Cell Temperature De-rating   
The type of module installed as well as the average ambient maximum temperature for the site 
location characterizes the de-rating value of the PV system due to temperate. The average 
temperature of the cell within the PV module can be determined by using the following 
Equation 15 (Clean Energy Council 2013). 
𝑇𝑐𝑒𝑙𝑙−𝑒𝑓𝑓 = 𝑇𝑎.𝑑𝑎𝑦 + 𝑇𝑟  
Equation 15 Cell Temperature De-rating  
Where: 
𝑇𝑐𝑒𝑙𝑙−𝑒𝑓𝑓 : The average daily effective cell temperature, in degree; 
𝑇𝑎.𝑑𝑎𝑦 : The daytime average ambient temperature for the month that the cell temperature is 
being determined, in degree; 
𝑇𝑟 : Effective temperature rises for specific type of installation, in degree. 
The temperature effect of the PV module should also be considered. This can be easily found as 
the module specification is provided; this includes (Clean Energy Council 2013): 
• The temperature coefficient of open circuit voltage (VOC), %/°C; 
• The temperature coefficient of short circuit current (ISC), %/°C; 
• The temperature coefficient of power (PMPP), %/°C. 
7.3.6 Temperature De-rating   
The temperature de-rating factor can be calculated based on standard test temperature and 
effective cell temperature. The temperature de-rating factor formula is presented in Equation 16. 
𝑓𝑡𝑒𝑚𝑝 = 1 + [𝛾×(𝑇𝑐𝑒𝑙𝑙.𝑜𝑓𝑓 − 𝑇𝑠𝑡𝑐)] 
Equation 16 De-rating Due to Temperature 
Where: 
𝑓𝑡𝑒𝑚𝑝 : Temperature de-rating factor, dimensionless; 
𝛾: Power temperature coefficient per degree Celsius; 
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𝑇𝑐𝑒𝑙𝑙.𝑜𝑓𝑓 : Average daily cell temperature, in degree; 
𝑇𝑠𝑡𝑐 : Cell temperature at standard test conditions, in degree. 
7.3.6.1 GIMG PV Farm: Temperature De-rating  
According to the Bureau of Meteorology (BOM) Australia weather data, the average ambient 
temperature during daytime hours for GIMG site location for the whole year is 22.7℃ 
(Meteorology 2016). Also, according to CEC Accreditation Design guideline, for top-of-pole 
mount, free standing frames a temperature rise (𝑇𝑟) of +25°𝐶 apply to the array frame (Clean 
Energy Council 2013). In addition, based on the PV module datasheet, the temperature 
coefficient of power (𝛾) is -0.39 % ℃⁄  and the cell temperature at STC is 25℃ (𝑇𝑠𝑡𝑐). Hence, 
the de-rated PV array due to manufacture’s tolerance and mismatch as well as dirt of 1.85MWp 
were de-rated further due to temperature.  The de-rated PV array power result due to 
temperature is presented in Table 15. 
Table 15 GIMG PV Farm: Temperature De-rating  
Temperature De-rating 
𝑻𝒂.𝒅𝒂𝒚𝒕𝒊𝒎𝒆(℃) 𝑻𝒓(℃) 𝑻𝒄𝒆𝒍𝒍−𝒆𝒇𝒇(℃) 𝑻𝒔𝒕𝒄(℃) 𝜸(%/°𝑪) 𝒇𝒕𝒆𝒎𝒑 
22.7 25 47.7 25 -0.0039 0.911 
PV Array DC De-rated Power Due to Dirt 1.82 𝑀𝑊𝑝 
Temperature De-rating 8.9 % 
PV Array DC De-rated Power Due to Temperature 1.65 𝑀𝑊𝑝 
7.3.7 De-rated PV Array Power 
Therefore, the GIMG PV farm de-rating can also be estimated using Equation 13. The de-rated 
PV array power due to various de-rating factors is shown in Table 16.  
Table 16 GIMG PV Farm: De-rated Power of the PV Farm System 
De-rated Power of the PV Array 
PV System DC Nameplate 𝑷𝒂𝒓𝒓𝒂𝒚_𝑺𝑻𝑪 1.98 𝑀𝑊𝑝 
The Manufacturer’s Output Tolerance and Mismatch De-rating 𝒇𝒎𝒂𝒏 3 % 
Dirt De-rating 𝒇𝒅𝒊𝒓𝒕 5 % 
Temperature De-rating 𝒇𝒕𝒆𝒎𝒑 8.9 % 
De-rated PV Array Power 𝑷𝒂𝒓𝒓𝒂𝒚 1.65 𝑀𝑊𝑝 
7.4 Average Daily Energy Output of the PV Array  
The following Equation 17 can be used to calculate the average daily energy output of the PV 
array (Clean Energy Council 2013). 
𝐸𝑝𝑣 = 𝑃𝑎𝑟𝑟𝑎𝑦×𝐻𝑡𝑖𝑙𝑡 
Equation 17 Average Daily Energy output of the PV Array 
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Where: 
𝐸𝑝𝑣: Average daily energy output of the PV array, in Wh;  
𝑃𝑎𝑟𝑟𝑎𝑦: De-rated output power of the array, in kW; 
𝐻𝑡𝑖𝑙𝑡: Average daily irradiation, in kWh/m
2 for the specified tilt angle. 
7.4.1 GIMG PV Farm: Average Daily Energy Output of the PV Array  
According to Australian Solar Radiation Data Handbook (ASRDH), the average daily total 
irradiation on tilted plane (𝐻𝑡𝑖𝑙𝑡) for GIMG project location is 5.52 kWh/m
2. In addition, the 
de-rated value of the PV array (𝑃𝑎𝑟𝑟𝑎𝑦) of GIMG project is 1.65 MWp. Therefore, the average 
daily energy output of the PV array was calculated and shown in Table 17. 
Table 17 GIMG PV Farm: Average Daily Energy Output of the PV Array 
Average Daily Energy Output of the PV Array 
De-rated PV Array Power 𝑷𝒂𝒓𝒓𝒂𝒚 1.65 𝑀𝑊𝑝 
Average Daily Irradiation 𝑯𝒕𝒊𝒍𝒕 5.52 𝑘𝑊ℎ/𝑚
2 
Average Daily Energy Output of the PV Array 𝑬𝒑𝒗 9.196 𝑀𝑊ℎ 
7.5 The Sub-System Losses 
7.5.1 Overview 
The sub-system contains the cables and inverters. Hence, the sub-system efficiency can be 
calculated from the following Equation 18 (Clean Energy Council 2013). 
𝜂𝑝𝑣𝑠𝑠 = 𝜂𝑝𝑣−𝑖𝑛𝑣×𝜂𝑖𝑛𝑣×𝜂𝑖𝑛𝑣−𝑔𝑟𝑖𝑑 




: Efficiency of the sub-system from PV array to the AC grid, in %; 
𝜂
𝑝𝑣−𝑖𝑛𝑣
: Cable efficiency of the cabling between the PV and the inverter (this is actually the 
voltage drop as the voltage drop reflect to power drop), in %; 
𝜂
𝑖𝑛𝑣
: Energy efficiency of the inverter (this can be obtained from inverter specifications), in %; 
𝜂
𝑖𝑛𝑣−𝑔𝑟𝑖𝑑
: Cable efficiency of the cabling between the inverter and the point of connection on 
AC grid, in %. 
7.5.2 Cable Efficiency: DC Cable Loss  
The DC voltage drop should be taken into consideration while sizing the cable for PV system. It 
is recommended by Australian Standards (AS/NZS 5033: PV Standards 2014) that under 
maximum load conditions the voltage drop between the most remote PV module in the PV array 
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system and the inverter is no greater than 3% of the 𝑉𝑚𝑝 (Maximum Power Voltage) at STC for 
Low Voltage (LV) PV arrays (Clean Energy Council 2013). 
7.5.2.1 GIMG PV Farm: DC Cable Loss 
The de-rated power of the PV farm after taken into consideration all the losses were 1.65 MWp. 
This value was de-rated by a further 3% due to DC cable loss, and the result is presented in 
Table 18 (Clean Energy Council 2013). 
Table 18 GIMG PV Farm: DC Cable Loss De-rating  
DC Cable Loss De-rating 
De-rated PV Array Power 1.65 𝑀𝑊𝑝 
DC Cable Loss 3 % 
PV Array DC De-rated Power Due to DC Cable Loss 1.60 MWp 
7.5.3 Inverter Efficiency  
Efficiency, regarding solar inverters, is a percentage measure of the conversion of DC electricity 
from the PV solar modules to AC electricity. The losses would be less if the value of efficiency 
is high. Hence the AC power generated would be closer to the installed PV system. The inverter 
efficiency can be obtained from the inverter specification (Clean Energy Council 2013). 
7.5.3.1 GIMG PV Farm: Inverter Efficiency 
The de-rated PV array system after taken into consideration all the losses were 1.60 MWp so 
far. The inverter which was chosen by the EMC tendering team for the GIMG PV farm is the 
ABB central inverter type (model: ABB, PVS800-57-0875kW-B). According to the ABB 
inverter datasheet, the maximum efficiency is 98.7%. As a result; the de-rated PV array system 
was de-rated by an additional 1.3% due to inverter efficiency. This de-rated value is shown in 
Table 19. Maximum efficiency of inverter was assumed in order to calculate the de-rated PV 
power due to inverter efficiency,  
Table 19 GIMG PV Farm: Inverter Efficiency De-rating  
Inverter Efficiency De-rating 
PV Array DC De-rated Power Due to DC Cable Loss 1.60 𝑀𝑊𝑝 
Inverter Efficiency 1.3 % 
PV Array DC De-rated Power Due to Inverter Efficiency 1.57 𝑀𝑊𝑝 
 
7.5.4 Cable Efficiency: AC Cable Loss  
In addition to the DC voltage drop, the AC voltage drop should also be taken into consideration 
while sizing the cables for PV system. The voltage drop between the inverter and the main point 
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of connection should not exceed more than 1% (Clean Energy Council 2013).  
7.5.4.1 GIMG PV Farm: AC Cable Loss 
Therefore, the de-rated PV array system after taken into consideration all the losses was 1.57 
MWp. This value was de-rated by an extra 1% due to AC cable loss, and the result is presented 
in Table 20. 
Table 20 GIMG PV Farm: AC Cable Loss De-rating  
AC Cable Loss De-rating 
PV Array DC De-rated Power Due to Inverter Efficiency 1.57 𝑀𝑊𝑝 
AC Cable Loss 1 % 
PV Array DC De-rated Power Due to AC Cable Loss 1.55 𝑀𝑊𝑝 
7.5.5 De-rated Power of Sub-System 
Therefore the GIMG PV farm system losses can also be directly estimated using Equation 18. 
The de-rated PV array was 1.65 MWp, further losses associated with the system were taken into 
account, and the result is presented in Table 21. 
Table 21 GIMG PV Farm: De-rated Power of the System  
De-rating of Sub-System  
De-rated PV Array Power 𝑷𝒂𝒓𝒓𝒂𝒚 1.65 𝑀𝑊𝑝 
DC Cable Loss De-rating  𝜼𝒑𝒗−𝒊𝒏𝒗 3 % 
Inverter Efficiency De-rating  𝜼𝒊𝒏𝒗 1.3 % 
AC Cable Loss De-Rating  𝜼𝒊𝒏𝒗−𝒈𝒓𝒊𝒅 1 % 
De-Rating of the System Losses 1.55 𝑀𝑊𝑝 
7.6 Average Daily Energy Output of the Overall PV System  
The average daily energy yield of the PV system in kWh is calculated using Equation 19 (Clean 
Energy Council 2013). 
𝐸𝑠𝑦𝑠 = 𝐸𝑝𝑣×𝜂𝑝𝑣𝑠𝑠 
Equation 19 Energy Yield of the PV System 
Where: 
𝐸𝑠𝑦𝑠 : Average daily energy output of the PV array, in kWh; 
𝐸𝑝𝑣: Average daily energy output of the array, in Wh; 
𝜂𝑝𝑣𝑠𝑠 : Efficiency of the sub-system from PV array to the grid, in %.  
 
7.6.1 GIMG PV Farm: Average Daily Energy Output of the Overall PV 
System 
The average annual energy output of the PV array (𝐸𝑝𝑣) is 9.196MWh as it was calculated in 
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section 7.4. In addition, the system losses ( 𝜂𝑝𝑣𝑠𝑠) value is 94.7% using Equation 18. Thus, the 
average daily energy output of the PV system was calculated and the, result is presented in 
Table 22. 
Table 22 GIMG PV Farm: Average Daily Energy Output of the PV System 
Average Daily Energy Output of the Overall PV Array System 
Average Daily Energy Output of the PV Array 𝑬𝒑𝒗 9.196 𝑀𝑊ℎ 
Efficiency of the Sub-system from PV Array to the Grid 𝜼𝒑𝒗𝒔𝒔 94.7 % 
Average Daily Energy Output of the Overall PV System 𝑬𝒔𝒚𝒔 8.804 𝑀𝑊ℎ 
7.7 Annual Energy Production of the PV System 
The annual production of a PV system can be obtained using the following Equation 20. 
𝐴𝑛𝑛𝑢𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  𝐸𝑠𝑦𝑠 ×365 
Equation 20 Annual Energy Yield 
Where: 
𝐸𝑠𝑦𝑠: Average daily energy output of the PV system and 365 is the number of days over a year, 
in Wh. 
7.7.1 GIMG PV Farm: Annual Energy Production of the PV System  
The performance model of a power system's output for GIMG PV farm project over a single 
year was calculated and shown in Table 23.  
Table 23 GIMG PV Farm: Annual Energy Production 
Annual Energy Production 
Total Annual Energy Production 3.213 𝐺𝑊ℎ 
Monthly energy yields for GIMG PV farm project is shown in Figure 24. This was obtained by 
taking into consideration all de-rating factors which were explained in the previous sections. 
As it can be seen from the trend, the highest energy yield is between November to January 
months. On the contrary, the lowest energy production is from June to August as the sun is low 
in the sky and the sun radiation is not as intense as the summer season. The highest energy was 
for the month of December, approximately 394,000 kWh and the lowest energy yield was for 
the month of June, about 120,000 kWh. 
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Figure 24 GIMG PV Farm: Monthly Energy production of the PV System 
7.8 Ideal Energy Yield 
The ideal energy out of the PV system is called Ideal Energy yield. The following Equation 21 
is recommended by the CEC guideline to determine the ideal energy yield (Clean Energy 
Council 2013). 
𝐸𝑖𝑑𝑒𝑎𝑙 =  𝑃𝑎𝑟𝑟𝑎𝑦_𝑆𝑇𝐶 × 𝐻𝑡𝑖𝑙𝑡  
Equation 21 Ideal Energy Yield 
Where: 
𝐸𝑖𝑑𝑒𝑎𝑙: Ideal energy yield, in Wh; 
𝑃𝑎𝑟𝑟𝑎𝑦_𝑆𝑇𝐶 : Rated output power of the array under STC, in W; 
𝐻𝑡𝑖𝑙𝑡 : Daily average daily irradiation, in kWh/m
2 for the specified tilt angle. 
7.8.1 GIMG PV Farm: Ideal Energy Yield 
The value of the rated output power of the array under STC (Parray_STC ) for GIMG project is 
1.98 MW. Also, the average daily total irradiation on tilted plane (Htilt ) is 5.52 kWh/m
2. Thus, 
the value of the ideal energy yield for GIMG PV farm was calculated and presented in Table 24. 
Table 24 GIMG PV Farm: Ideal Energy Yield 
Ideal Energy yield 
The Rated Output Power of the Array Under STC 𝑷𝒂𝒓𝒓𝒂𝒚_𝑺𝑻𝑪  1.98 𝑀𝑊 
The Average Daily Total Irradiation on Tilted Plane 𝑯𝒕𝒊𝒍𝒕  5.52 𝑘𝑊ℎ/𝑚
2 
Ideal Energy Yield 𝑬𝒊𝒅𝒆𝒂𝒍 10.94 𝑀𝑊ℎ 
7.9 Performance Ratio 


























GIMG PV Farm: Monthly Energy Yield, Analytical Result
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or various sites, performance ratio is the parameter of interest. This can be calculated using the 





Equation 22 Performance Ratio 
Where:  
𝑃𝑅: Performance Ratio, in %; 
𝐸𝑠𝑦𝑠: Actual daily energy yield from the system, Wh; 
𝐸𝑖𝑑𝑒𝑎𝑙: The ideal energy yield of the array, Wh. 
7.9.1 GIMG PV Farm: Performance Ratio 
The performance ratio for the GIMG PV farm project was calculated. This result is shown in 
Table 25. 
Table 25 GIMG PV Farm: Performance Ratio  
Performance Ratio 
Average Daily Energy Output of the PV System 𝑬𝒔𝒚𝒔 8.804 𝑀𝑊ℎ 
Ideal Energy Yield 𝑬𝒊𝒅𝒆𝒂𝒍 10.94 𝑀𝑊ℎ 
Performance Ratio 𝑷𝑹 80.4 % 
7.10 Conclusion 
In this chapter, the energy yield for Garden Island was analytically calculated by taking into 
consideration all the losses associated with energy yield including the PV array and sub-system 
de-ratings. The total annual energy production of 3.213 GWh met the energy demand of the 
island. In the next chapter, energy forecast for GIMG PV farm was simulated in PV modeling 
software, and the result was compared to analytical approach. 
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Chapter 8 Estimating Energy Yield, Simulation Method 
8.1 Overview 
There are various modeling software tools which are available and can be utilized to determine 
the energy yield of a PV system. Sizing programs and simulators are used to facilitate threshold 
values and operating states to be assessed. This assists to simulate the operation of the PV 
system in many different variations and scenarios. Also, modeling software can obtain more 
exact yield forecasts and yield reports which help to optimize the system concept.  
In designing PV systems, each specific PV module and every inverter can be wired up in a large 
number of different ways. These possible wiring scenarios along with the weather data profile 
and the PV module orientation and tilt angle can be simulated and observed. Consequently, the 
optimum configuration will provide the highest yield and will be chosen as the final design for 
the PV system. In the following sections, some of the modeling software along with their 
special features that were employed in the GIMG PV farm project will be introduced. 
8.2 Nearmap-Photomap Aerial Imagery 
Nearmap uses a unique technology to take high-resolution aerial images of the world. This 
software contains powerful tools such as a solar tool, the most recent satellite data as well as the 
timeline into the past features which show the aerial images from almost ten years ago of any 
location on earth. The Nearmap solar tool is designed to make it easy to visualize a new solar 
installation and estimate the location-specific energy output (Nearmap 2016). 
8.3 HelioScope 
HelioScope is a system analysis and design software for photovoltaic systems. It provides the 
monthly average performance of PV systems. This program features weather data for any 
location around the world, and data for most PV modules, and inverters manufacturers. To get 
started, simply click create “New project” where the name and address of the project can be 
defined. Then, the field array segment can be created which contains the specified modules 
along with orientation and tilt angle. The azimuth, as well as the racking, frame size, row 
spacing and module spacing, can be quantified in this section. Also, there is a tab called “Keep 
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outs” which is used for shading analysis. The “Electrical” tab is utilized to specify the inverter 
manufacturer, DC and AC cable runs. Also, the PV layout’s CAD file and design summary can 
also be downloaded from HelioScope software (HelioScope 2016).  
8.4 GIMG PV Farm: PV Modeling Software Selection 
Helioscope was chosen as the primary software to run the GIMG PV farm project and obtain the 
energy yield. The PV array simply can be designed since HelioScope provides high-resolution 
photographs of the earth. Also, this software is capable of generating a comprehensive solar 
report which is based on the site location and up-to-date meteorological data. One of the main 
reasons to choose this software is that different PV layout, PV modules, and inverters can be 
easily and quickly selected from user-friendly tools, in order to investigate various modeling 
scenarios and hence, choose the optimum PV layout solution. 
8.5 GIMG PV Farm: Investigating Various Scenarios 
During the PV system modeling phase of the GIMG PV farm, some critical factors that are 
significantly important in the PV system design process were manipulated to obtain the 
optimum configuration of the PV system. These factors are listed below and are explained in the 
following sections. 
• Tilt angle and inter-row spacing; 
• PV layout configuration; 
• String inverter vs. Central inverter. 
8.5.1 GIMG PV Farm: Design Option-1, PV Farm Layout Configuration 
with String Inverters 
The first scenario which was taken into consideration was the PV farm layout or table 
configuration as is shown in Figure 25. Refer to Appendix B.1 for a detailed report for the first 
scenario. In this scheme, the tilt angle and inter-row spacing was considered as 30° and 3.3 m 
respectively. This model was simulated using ABB TRIO-50.0-TL-OUTD string inverter. The 
filed segments details for the GIMG PV farm are presented in Table 26. 
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Figure 25 GIMG PV Farm: PV Layout of the First Scenario 
Table 26 GIMG PV Farm: Filed Segment’s Details of the First Scenario 

















































































30° 0° 3.3 𝑚 2 × 20 50 2,000 620.0 𝑘𝑊 
Inverter ABB, TRIO-50.0-TL-OUTD 
PV Module Risen Solar technology, RSM72-6-310P 
Annual Production 2.892 GWh 
This scenario did not satisfy the annual energy yield requested by the Garden Island Authority. 
This was due to string wiring management which leads to excessive DC losses, as wires had to 
cross within the rows which is not practical. This increases the voltage drop and the cost, as 
inter-row trenching will be required to solve this issue. 
8.5.2 GIMG PV Farm: Design Option-2, Tilt and Inter-Row Spacing 
with String Inverters 
The second PV farm layout design as shown in Figure 26 was designed according to the 
physical limitation provided by the client. The minimum inter-row spacing of 1.5 m and tilt 
angle of 15° was taken into consideration. Table 27 presents the GIMG PV farm segments 
 
45 
details. Refer to Appendix B.2 for a detailed report for the second scenario.  
Table 27 GIMG PV Farm: Filed Segment’s Details of the Second Scenario 
























































































15° 0° 1.5 𝑚 2 × 20 140 2,800 868.0 𝑘𝑊 
Inverter ABB, TRIO-50.0-TL-OUTD 
PV Module Risen Solar technology, RSM72-6-310P 
Annual Production 3.437 GWh 
 
Figure 26 GIMG PV Farm: PV Layout of the Second Scenario 
This scenario was ruled out due to significant losses in DC cabling as the rows are relatively 
long which increases in voltage drops. To avoid the voltage drop, a larger diameter cable was 
required which leads to increase the total cost of the project. 
8.5.3 GIMG PV Farm: Design Option-3, Central Inverter 
After more detailed discussion with the Garden Island Authority, explaining the required inter-
row spacing to avoid shading as well as required tilt angle for maximum energy production, the 
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PV module layout as shown in Figure 27 was proposed. Table 28 presents the GIMG PV farm 
segments details. Refer to Appendix B.3 for a detailed report for the third scenario.  
Table 28 GIMG PV Farm: Filed Segment’s Details of the Third Scenario 
























































































30° 0° 4.0 𝑚 2 × 20 40 1,600 496.0 𝑘𝑊 
Inverter ABB, PVS800-57-0875kW-B 
PV Module Risen Solar technology, RSM72-6-310P 
Annual Production 3.616 GWh 
 
Figure 27 GIMG PV Farm: PV Layout of the Third Scenario 




Various scenarios were run to attain the maximum energy yield. To be able to compare 
scenarios, performance ratio was the parameter which was taken into consideration in all 
scenarios. The energy yields (Esys), as well as the performance ratios (PR) for all scenarios, are 
tabulated in Table 29. 
Table 29 GIMG PV Farm: Energy Yields and Performance Ratios Comparison 
Energy yields and Performance Ratios 
Scenarios Energy Yield (𝑬𝒔𝒚𝒔) Performance Ratio (𝑷𝑹) 
Design Option-1 2.892 𝐺𝑊ℎ 65.4 % 
Design Option-2 3.437 𝐺𝑊ℎ 79.5 % 
Design Option-3 3.616 𝐺𝑊ℎ 81.8 % 
8.7 Optimum Model Selection 
After taking into consideration all scenarios and their energy yields, losses, physical limitations, 
environmental factors and also the cost, the decision were made on the Design Option-3. Figure 
28 illustrates the final PV layout table for GIMG PV farm. A configuration of the ABB central 
inverter, Risen 310 W module, 30° tilt angle and row spacing of 4.0 m were the optimum 
solutions for GIMG PV system.  
  
Figure 28 GIMG PV Farm: Final PV System layout 
8.8 GIMG PV Farm: Shading Analysis, Simulation 
Shading of the GIMG PV farm project is represented as a heat map in Figure 29. As it can be 
seen, all PV modules are almost green color according to the heat map legend, showing that the 
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only a small percentage of the farm was affected due to shading over the whole year. 
 
Figure 29 GIMG PV Farm: Shading Analysis 
The following Table 30 presents the shaded irradiance and annual energy yield for each segment 
of the GIMG PV system. Shaded irradiance is when part of sun rays do not reach the PV 
module due to obstruction. For example, front row of PV modules is partially obstructing sun 
arrays from reaching the row behind. 
Table 30 GIMG PV Farm: Shading by Field Segment 
Shaded Irradiance and Energy Yields 
Description 
Shaded irradiance 





Array 1 2,151.4 1770 96.6 
Array 2a 2,151.4 885.3 96.6 
Array 2b 2,151.4 886 96.6 
Total 2,151.4 3540 96.6 
8.9 GIMG PV Farm: System Losses, Simulation 
Figure 30 illustrates the system losses obtained from the HelioScope modeling software. To 
analyze the losses over a one year period, a trend is established, and certain factors must be 
taken into consideration such as losses due to de-rating factors. It is clear that temperature 
power loss represents the largest portion whereas the AC system losses are undoubtedly the 
smallest. The module and inverter losses are 2.7% and 1.9% respectively. Losses due to shading 
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are  negligible because they make up a small fraction of 3.4 of the total losses and not majorly 
effect the required energy demand for Garden Island. Overall, the majority of the losses 
experienced were due to the environmental factor. 
 
Figure 30 GIMG PV Farm: System Losses 
8.10 GIMG PV Farm: Annual Energy Production, Simulation  
Monthly energy yields production for the GIMG PV farm project is shown in Figure 31. As it 
can be seen from the graph, the highest energy production is between November and January. In 
contrast, the lowest energy yields are from May to July. The highest energy was for the month 
of January, approximately 376,000 kWh and the lowest energy yield was for the month of June, 
approximately 194,000 kWh. 
 
Figure 31 GIMG PV Farm: Monthly Energy Production of the PV System  
8.11 GIMG PV Farm: Monthly Energy Yield Comparison 

























GIMG PV Farm: Monthly Energy Yeild, Simulation
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in Figure 32. As it can be seen, the energy yields for both theoretical calculation and modeling 
software are very similar. There are a few differences due to the assumptions which were taken 
into consideration during the analytical calculation such as cable loss or dirt de-rating 
percentage. Overall, the energy production for both methods was high between Decembers to 
February while in the winter, the least amount of energy was generated as the sun is the lowest 
in the sky. The total annual energy yields for both approaches are presented in Table 31. 
Table 31 GIMG PV Farm: Monthly Energy Production Comparison of the PV System  
Methods Annual Energy Yields 
Analytical Method 3.213 𝐺𝑊ℎ 
Simulation Software 3.616 𝐺𝑊ℎ 
 
 
Figure 32 GIMG PV Farm: Monthly Energy Production Comparison of the PV System  
8.12 Conclusion 
In this chapter, the energy yield for the GIMG PV farm was obtained using PV modeling 
software. Also, various modeling approaches were investigated to obtain the optimum PV 
configuration for the GIMG PV farm. Similar to the analytical calculation, the total annual 
energy yield of 3.616 GWh satisfied the total energy demand of the Garden Island. The results 
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Chapter 9 Design Phase 
9.1 Overview 
This chapter will cover how to select the equipment for the PV system of the micro-grid, 
including solar panels, over-current protection devices, and inverter. The inverter is sized 
depending on the size of the solar array that it’s connected to. Furthermore, the over-current 
protection devices are used to protect the system in the event that something goes wrong. Above 
design factors for a complete PV system will be explained in greater details in the following 
sections. 
9.2 System Concepts 
The inverter defines the system concept. As a result, two types of inverters, central inverters for 
an entire PV system and string inverters could be employed for the specific site and the type of 
application. Besides, the modules configuration in terms of parallel and series connection 
should be optimally matched with the inverter. 
9.3 Sizing the Inverter 
9.3.1 Overview 
It is critical that the inverter’s technical specifications are closely studied as they are used in 
sizing and installation process of a PV system. Also, the number, voltage level and power of the 
inverter are defined by the system and configuration concept. 
9.3.2 Inverter Sizing 
The following factors determine the number and power rating of the inverter: 
1. Maximum DC input power i.e. the overall power of the PV system; 
1. Maximum DC input current i.e. the overall current of the PV system; 
2. Maximum specified output power i.e. the AC power that inverter can deliver to the grid. 
However, as a guide provided by CEC, the inverter nominal AC power output cannot be less 
than 75% of the array peak power. For sizing the inverter, the following power range can be 




0.75× 𝑃𝑎𝑟𝑟𝑎𝑦−𝑆𝑇𝐶 <  𝑃𝐼𝑁𝑉−𝐷𝐶 <  1.2× 𝑃𝑎𝑟𝑟𝑎𝑦−𝑆𝑇𝐶 
Equation 23 Inverter Sizing Condition 
The ratio of PV array power rating (Wp) to the inverter’s nominal AC power is known as the 





Equation 24 Inverter Sizing Factor 
Where: 
𝐶𝐼𝑁𝑉: Inverter sizing factor, in % 
𝑃𝑎𝑟𝑟𝑎𝑦−𝑆𝑇𝐶: Rated output power of the array under standard test conditions, in kW or W, 
𝑃𝐼𝑁𝑉−𝐴𝐶: The nominal AC power is the power generated by the inverter, in kVA. 
The sizing factor describes the inverter’s level of utilization. The inverter typical sizing factor is  
shown in Equation 25: 
0.75 <  𝐶𝐼𝑁𝑉 <  1.2 
Equation 25 Inverter Sizing Factor Condition 
9.3.2.1 GIMG PV Farm: Inverter Sizing 
The inverter sizing criteria’s for GIMG PV farm was calculated and presented in Table 32. The 
Inverters which were used in the GIMG PV farm were two of the ABB-PVS800-57-0875kW-B 
type.  
Table 32 GIMG PV Farm: Inverter Sizing 
Inverter Sizing Factors 
Inverter Sizing Range (MW) 1.49 < 1.75 < 2.38 
Inverter Sizing Factor 0.75 < 1.13 < 1.2 
The inverter sizing factors define the application of the inverter. Therefore, the sizing factor 
obtained for GIMG PV farm satisfied all mentioned conditions and confirmed the correct size of 
the inverter. 
9.4 Voltage Selection 
The magnitude of the inverter’s DC input voltage is the sum of the voltages of the series-
connected modules in a string. Also, the inverter typically has a voltage range (maximum and 
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minimum input voltage) which is specified in the datasheet by the manufacturer. In the case of 
the PV system voltage is not within this range, the inverter will either stop operating, or the 
output power will be reduced. Therefore, for the best performance of the system, the operating 
voltage window of the inverter should be coordinated with the I-V curve of the PV system. As 
is shown in Figure 33, the MPP points of the array I-V curve at different temperatures should 
match the MPP range of the inverter (DGS, Voltage Selection 2010). 
 
Figure 33 Inverter's Operating Range and PV array I-V Curve 
(DGS, Voltage Selection 2010) 
9.4.1 Minimum Nominal Voltage of the PV Module at High 
Temperature 
During the summer at high temperature, the maximum power point voltage (Vmp) of the PV 
array should not be less than the operating input range of the inverter. Equation 26 can be used 
to calculate the maximum power point voltage at a specified temperature (Clean Energy Council 
2013). 
𝑉𝑚𝑖𝑛−𝑚𝑝𝑝 =  𝑉𝑚𝑝−𝑆𝑇𝐶 + [𝛾𝑉×(𝑇ℎ𝑖𝑔ℎ − 𝑇𝑆𝑇𝐶)] 
Equation 26 Minimum Nominal Voltage of PV Module at High Temperature 
Where: 
𝑉𝑚𝑖𝑛−𝑚𝑝𝑝: Maximum power point voltage an effective PV module temperature, in V; 
𝑉𝑚𝑝−𝑆𝑇𝐶: Maximum power point voltage at STC, in V; 
𝛾𝑉: Voltage temperature (𝑉𝑚𝑝) coefficient, in V ℃⁄ ; 
𝑇ℎ𝑖𝑔ℎ: Module temperature at specified ambient temperature, measured in ℃; 
𝑇𝑆𝑇𝐶: Module temperature at STC, measured in ℃. 
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9.4.2 GIMG PV Farm: Minimum Nominal Voltage of the PV Module at 
High Temperature 
The module selected for GIMG PV system has a rated MPP voltage of 36.5 VDC and a voltage 
(Vmp) coefficient of -0.32 % ℃⁄ . The maximum ambient temperature for GIMG PV farm 
location is approximately 50℃ as well as effective cell temperature 25℃ . Thus, the minimum 
nominal voltage of PV module at high temperature was calculated, and the results are presented 
in Table 33. 
Table 33 GIMG PV Farm: Minimum Nominal Voltage of PV Module at High Temperature 
Minimum PV Module Voltage @ 75 ℃ 
Type Risen Solar Technology 
Model RSM72-6-310P 
Maximum Power 𝑷𝒎𝒂𝒙(𝑾) 310W 
Maximum Power Voltage  𝑽𝒎𝒑(𝑽) 36.50 
Temperature Coefficient of 𝑽𝑶𝑪 % ℃⁄  -0.32 
Minimum MPP Voltage 𝑽𝒎𝒊𝒏−𝒎𝒑𝒑(𝑽) 29.28 
9.4.3 Maximum Open Circuit Voltage of the PV Module at Low 
Temperature 
In contrast, during the winter at low temperature, the open-circuit voltage of the PV array 
should not exceed the maximum permitted operating input voltage of the inverter. Th open 
circuit voltage is greater than maximum power point voltage. This is the applied voltage before 
inverter starts working and connecting to the grid. Equation 27 can be used to calculate the 
maximum open circuit voltage at a specified temperature. It is recommended by CEC that the 
best time to calculate the open circuit voltage is early in the morning as the PV module 
temperature is same as the ambient temperature (Clean Energy Council 2013). 
𝑉𝑚𝑎𝑥−𝑂𝐶 =  𝑉𝑂𝐶−𝑆𝑇𝐶 + [𝛾𝑉×(𝑇𝑚𝑖𝑛 − 𝑇𝑆𝑇𝐶)] 
Equation 27 Maximum Open Circuit Voltage at Low Temperature 
Where: 
𝑉𝑚𝑎𝑥−𝑂𝐶: Open circuit voltage at minimum PV module temperature, in V; 
𝑉𝑂𝐶−𝑆𝑇𝐶: Open circuit voltage at STC, in V; 
𝛾𝑉: Voltage temperature (VOC) coefficient, in V ℃⁄ ; 
𝑇𝑚𝑖𝑛: Expected minimum PV module temperature, in ℃; 
𝑇𝑆𝑇𝐶: Module temperature at STC, in ℃. 
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9.4.4 GIMG PV Farm: Maximum Open-Circuit Voltage of the PV 
Module at Low Temperature 
The open circuit voltage (VOC) for the  Risen module 310W is 45.1 VDC. The minimum 
ambient temperature for GIMG PV farm is approximately 0℃ in the winter season. Thus, the 
Equation 27 can be used to obtain the maximum open-circuit voltage of the PV module at low 
temperature. The result is presented in Table 34. 
Table 34 GIMG PV Farm: Maximum Open Circuit Voltage of PV Module at Low 
Temperature 
Maximum PV Module Open Circuit Voltage @ 0 ℃ 
Type Risen Solar Technology 
Model RSM72-6-310P 
Maximum Power 𝑷𝒎𝒂𝒙(𝑾) 310 
Open Circuit Voltage 𝑽𝒐𝒄(𝑽) 45.10 
Temperature Coefficient of 𝑽𝑶𝑪 % ℃⁄  -0.32 
Minimum MPP Voltage 𝑽𝒎𝒂𝒙−𝑶𝑪(𝑽) 48.71 
9.4.5 Determining Maximum Number of Modules in Each String 
The following Equation 28 is used to calculate the maximum number of modules in a series 
string: 




Equation 28 Maximum Number of Module in String 
Where: 
𝑁𝑚𝑎𝑥−𝑝𝑒𝑟−𝑠𝑡𝑖𝑛𝑔: The maximum number of module per string; 
𝑉𝑀𝑃𝑃(𝐼𝑁𝑉−𝑚𝑎𝑥): The effective maximum MPP voltage of the inverter, in V; 
𝑉𝑚𝑎𝑥−𝑂𝐶: Open circuit voltage at minimum PV module temperature, in V. 
Some inverters provide a maximum operating voltage as well as a higher voltage which is the 
maximum permitted voltage of the inverter. In this case, the maximum allowed voltage is used 
to obtain the maximum number of modules in a string to provide the maximum benefit for the 
system. (DGS, Maximum Number of Modules in String 2010). 
9.4.6 GIMG PV Farm: Maximum Number of Modules in Each String 
According to the ABB-PVS800-57-0875kW-B datasheet, the maximum DC input voltage range 
and maximum DC voltage for ABB central inverter are 825 and 1100 VDC, respectively. 
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Hence, the maximum number of the modules in each string for GIMG PV system was 
determined, and the results are shown in Table 35. Note should be taken that total maximum 
open circuit voltage of the each string should not exceed the maximum input voltage of the 
inverter (Clean Energy Council 2013). Therefore, 20 modules per string was an ideal quantity 
for each string as the inverter does not go under stress in terms of the input voltage. 
Table 35 GIMG PV Farm: Maximum Number of Modules in each String 
Minimum Number of PV Modules per String 
Maximum Number of Modules per String using:  
Maximum DC Input Voltage Range of the Inverter 
19 
Maximum Number of Modules per String using:  
Maximum Permissible DC Input Voltage of the Inverter 
23 
9.4.7 Determining the Number of Strings 
The maximum number of string per inverter can be obtained by ensuring that maximum PV 
array current does not exceed the maximum inverter input current. The following Equation 29 
can be used to calculate the maximum number of string per inverter (DGS, Determining the 





Equation 29 Maximum Number of Strings 
Where: 
𝑛𝑆𝑡𝑟𝑖𝑛𝑔: The maximum number of strings; 
𝐼𝑚𝑎𝑥−𝐼𝑁𝑉: The effective maximum MPP current of the inverter, in A; 
𝐼𝑛−𝑆𝑡𝑟𝑖𝑛𝑔: The maximum current MPP of the string, in A. 
9.4.8 GIMG PV Farm: Number of String 
The number of string for each inverter of GIMG PV system was calculated using the maximum 
DC input current of the ABB central inverter as well as the sum of maximum power point 
current of all sub-arrays. Therefore, eight strings were chosen as the maximum number of 
strings entering per inverter from DC combiner boxes in each array.  
9.5 String Overcurrent Protection Component Sizing 
String fuses are required in a PV system containing typically three or more strings in parallel to 
protect the panels against reverse currents and also protect the solar cables. PV fuses are mainly 
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used to protect the PV system against short circuit and catastrophic failure. In addition to fuses, 
DC isolation switches are used to stop current and voltage to the PV panel for service and 
maintenance purposes or in the event of an emergency (AS/NZS 5033: PV Standards 2014). 
The following section will elaborate the process of fuse and DC isolation sizing for the GIMG 
PV farm project. 
9.6 DC Combiner Box Selection 
The PV array DC combiner box should be rated at Ingress Protection(IP) 54 and be UV resistant 
as they are typically placed next to the arrays in the PV farm. Also, it is recommended that the 
DC combiner box is to be installed on site away from rain or direct solar rays. It is required to 
have a sufficient number of terminals inside the combiner box which depends on the number 
strings as well as system applications. It is critical to arrange the components inside the 
combiner box in such a way that the operational heat will be evenly dissipated. Overvoltage 
protection and surge protection devices should also be placed inside the DC combiner box. 
9.6.1 GIMG PV Farm: DC Combine Box 
Two different approaches were taken into consideration in the process of designing the DC 
combiner box for the GIMG PV system. These two methods were analyzed, and the optimum 
solution was chosen as the final DC Combiner box design for the GIMG PV farm. Each DC 
combiner box used in the PV farm contains the following major components. 
1. String over protection components; 
2. DC Isolation switch; 
3. Surge protection device. 
Figure 34 illustrates the DC Single Line Diagram for DC combiner box.  
 
Figure 34 DC Combiner Box Single Line Diagram 
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9.6.2 GIMG PV Farm: DC Combine Box-Design, Concept-1 
As can be seen in Figure 35, the DC fuse holders are placed vertically on the right, and left sides 
of the DC isolation switch and a surge protection device is located at the bottom of the DC 
isolation switch.  
 
Figure 35 DC Combiner Box-Design Concept 1 
(Credit to: Senior Electrical Engineer: Anthony Murphy) 
9.6.3 GIMG PV Farm: DC Combine Box Design, Concept-2 
The second layout of the DC combiner box is shown in Figure 36. Unlike the first layout, the 
DC fuse holders have been laid out horizontally on either side of the DC isolation switch.  
 
Figure 36 DC Combiner Box-Design Concept 2 
(Credit to: Senior Electrical Engineer: Anthony Murphy) 
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9.6.4 GIMG PV Farm: DC Combine Box Selection 
The heat dissipation in the first concept is high due to the vertical arrangements of the fuses. 
The reason is that the first fuse (from bottom row) generates heat while the PV system is 
operating. This heat will be added to the heat generated by the second fuse from the bottom row, 
and this process will continue till it reaches the last fuse on the top. In this case, too much heat 
was produced inside the DC combiner box which reduced the efficiency. This deficiency will be 
even worse during the summer season as the ambient temperature will also have an adverse 
impact on the efficiency of the DC Combiner box. However, the advantage of this layout is that 
the positive and negative solar cable can be easily terminated to the fuse holders from the left 
and right of the DC combiner box. For the second concept, due to the component arrangement, 
the heat from each fuse during operation is evenly spread out and does not have any adverse 
effect on the temperature inside the combiner box. Therefore, the DC combiner box concept-2 
was chosen as the optimum solution for GIMG PV farm.  
9.7 DC Fuse Rating 
According to Australian standards (AS/NZS 5033: PV Standards 2014), DC string fuses shall be 
used in PV system that contains several strings. Fuses are used to protect the PV system from 
reverse current due to a fault condition. To size the string fuses, the following Equation 30 
should be satisfied (AS/NZS 5033: PV Standards 2014). 
𝐼𝑛  >  1.5 × 𝐼𝑆𝐶 𝑀𝑂𝐷     
𝐼𝑛 <  2.4 × 𝐼𝑆𝐶 𝑀𝑂𝐷   
𝐼𝑛  ≤  𝐼 𝑀𝑂𝐷 𝑀𝐴𝑋 𝑂𝐶𝑃𝑅 
Equation 30 DC Fuse Sizing Condition 
Where, 
𝐼𝑛:  Nominal overcurrent protection device rating, in A; 
𝐼𝑆𝐶 𝑀𝑂𝐷: PV Module Short Circuit Current, in A; 
𝐼 𝑀𝑂𝐷 𝑀𝐴𝑋 𝑂𝐶𝑃𝑅: PV Module Maximum Overcurrent Protection Rating, in A. 
9.7.1 GIMG PV Farm: DC Fuse Rating 
In GIMG PV system, PV string overcurrent protection was provided by AS 5033:2014, clause 
3.3.5. From the RISEN RSM72-6-310P Datasheet: 
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𝐼𝑆𝐶 𝑀𝑂𝐷 = 9.15A 
𝐼 𝑀𝑂𝐷 𝑀𝐴𝑋 𝑂𝐶𝑃𝑅 = 15A 
Thus, 
𝐼𝑛  >  1.5 × 9.05 =>  15A >  13.57A  
𝐼𝑛 <  2.4 × 9.05 =>  15 A <  21.72A  
𝐼𝑛  ≤  1.5 × 15 =>  15 A ≤  22.5  
Thus, the 15A DC fuses were selected correctly as it shown in Figure 37. 
 
Figure 37 GIMG PV Farm: DC Fuse Rating 
Figure 38 shows the typical DC fuse and fuse holder used in the PV systems. 
 
 
(a) DC Fuse 
 
(b) DC Holder 
Figure 38 DC Fuse (Phoenix Contact 2016)  
9.8 DC Isolation Switch 
The cable between the solar PV array system and inverter carries DC current. This current can 
be considerably more dangerous than AC current due to (high voltage) DC power produced by 
the arrays which could lead to arcing in some fault conditions. A solar PV system continues to 
generate power as long as the sun is shining and due to this reason, it is not possible to reduce 
the voltage to a safe level. Therefore, a DC isolation switch is used for operation and 
maintenance procedures. The same condition as DC fuse sizing (presented in Equation 30) is 
applied to obtain the correct size of the DC isolation switches. 
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9.8.1 GIMG PV Farm: DC Isolation Switch 
As per system design, the total number of modules in series is 20, and the total number of 
strings in parallel entering the DC combiner box is 20. Each string has a short circuit of 9.05A 
which gives a total of 181A for 20 strings.  Using the same multiplier (safety margin), 1.5 as it 
applied in the DC fuse sizing, the correct rating for the DC isolation switch for GIMG PV farm 
system is 315A as it shown in Figure 39. 
 
Figure 39 GIMG PV Farm: DC Isolation Switch Sizing 
Figure 40 illustrates the DC isolation switch used in the PV DC Combiner box of the GIMG PV 
farm.  
 
Figure 40 PV system DC Isolation Switch (Socomec 2016) 
9.9 Surge Protection Device  
The metal structure used in the PV array systems can attract the lightning current. This includes 
the frameless PV module as the conductors are existed in the PV systems. The two important 
effects that are required for design and installation of PV systems are the potential rise and 
induced voltages. DC Surge Protection Devices (SPD) should be specifically designed for DC 
use in terms of their requirement for surge protection devices. The SPD voltage rating should be 
higher or equal to the maximum PV array voltage. Also, for safety purposes, the protection level 
must be lower than the withstand voltage of the equipment to be protected. The SPD comes in 
various classes as follows: 
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• Type I: provides the highest protection; 
• Type II: For a class lower protection than class I; 
• Type III: It is typically included in the inverter. 
The SPD is usually placed inside the DC combiner boxes and is connected to the positive and 
negative of a floating array. Figure 41 illustrates a typical arrangement of the surge protection 
devices for an open plant PV farm. A risk assessment should be carried out before designing 
lighting protection system as it is a safety requirement in PV system design (Constable 2013). 
 
Figure 41 Surge Protection Device Arrangements for PV Field (AS/NZS 5033: PV 
Standards 2014) 
9.9.1 GIMG PV Farm: Surge Protection Device 
To obtain a comprehensive protection of all components of the GIMG PV farm, a type I and II 
combined SPD is installed at the DC side of the PV system which contains the DC Combiner 
boxes as well as the input of the inverters. The location of the surge protection device is shown 
in Figure 42. 
 
Figure 42 GIMG PV Farm: Surge Protection Device 
Figure 43 illustrates the surge protection device used in the PV DC Combiner box of the GIMG 




Figure 43 DC Surge Protection Device (Phoenix 2016) 
9.10 Single Line Diagram 
The power system includes the PV systems are very complicated electrical networks and a 
complete diagram showing all the connections is very complex and impractical. Thus, the PV 
systems are usually simplified for representations as a Single Line Diagram (SLD) which is a 
concise way of communication for the basic arrangement of PV system components. 
9.11 Overall PV Single Line Diagram 
The PV overall Single Line Diagram-Array 1 is shown in Appendix D.1. This single line 
diagram (SLD) provides a general view of the PV systems power studies. The solar modules are 
connected in series to form strings. These strings are connected in parallel inside the DC 
combiner boxes which typically located near the solar modules. Solar modules are then 
connected to the central inverters which are located in the power shed. This powerhouse 
includes a medium voltage transformer and switchgear for connecting to the medium voltage 
grid.  
9.12 DC Combiner Box Single Line Diagram 
In addition to the PV overall SLD, the DC Combiner Box 01 SLD was also shown in Appendix 
D.3. This provides a greater detail of interconnection between the PV module strings and DC 
fuses and isolator switch. All cable IDs are presented in this SLD which is used in the 
installation phase. The series joined modules are connected in parallel in DC combiner boxes. 




Chapter 10 Conclusion 
Isolated consumptions centers like islands, remote mining and construction sites without 
mainland grid connectivity usually burn fossil fuel to generate electricity. For this reason, a 
micro-grid with distributed energy resources is used which can operate independently or within 
an area of the main electrical grid. It typically includes generation asset loads and in some cases 
renewable source and battery energy storage systems. The aim is to optimize a particular aspect 
of such power quality or frequency commercial aspects and optimal use of renewable energy 
sources. 
The location of Garden Island is semi-isolated in nature and has critical load considerations. The 
use of diesel generators on the island has considerable costs and introduce lots of challenges 
such as security, reliability and regular maintenance. Thus, a micro-grid system was proposed as 
the solution to provide a reliable, cost efficient and secure energy sources for the specific loads 
of the island. This micro-grid is included both traditional fossil fuel generators and renewable 
energy sources like solar, BESS and wave energy working together.  
The primary objective of this work was to design a 2MWp PV array system as a part of the 
overall Garden Island Micro-Grid system. The 2MWp solar system will contribute to average 
energy demand of the Garden Island. Thus, the energy yield of the PV farm was calculated by 
taking into consideration all the factors associated with the PV design. The energy yield result 
was analyzed showing the PV system generates sufficient annual energy to satisfy the Garden 
Island Authority requirements. Furthermore, the 2MWp PV system was modeled in HelioScope 
simulation software. This simulation was employed to explore the PV array configuration, tilt 
angle, components sizing and inverter selection.  
EMC has delivered the Micro-Grid to the specification and design required by the client within 
the timeframe and has completed its objective for the design phase as the contractor. EMC will 
continue to monitor the Garden Island Micro-Grid construction and commission phases to 
ensure that the system will be installed and commissioned according to the design documents 
and Australian Standards. 
The other objective of this industry project was to show and apply knowledge learned from the 
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engineering degree to perform electrical design in the real world. This objective is evidently 
attained by demonstrating several skills that have been implemented through research into PV 
system, a deeper understanding of electrical design by applying technical information from 
equipment data sheets as well as the use of Australian standards for the PV system design. The 
final PV design along with the research components of learning was applied to contribute to the 
project in a meaningful way.  
In conclusion, the micro-girds carefully balances supply and demand in both in the grid and 
islanded modes as well as safely managing the switch back and forth while maintaining power 
stability and quality to protect infrastructure and equipment. This balance requires in-depth 
knowledge of facilities energy infrastructure as well as micro-grids that seamlessly ties 
distributed energy resources to intelligent software and controls while providing flexibility and 
scalability to adapt community needs in Garden Island. Beyond ensuring reliability, micro-grids 
also optimize the facility efficiency of the Garden Island with predictive controls that help to 
determine when to generate energy and where to store it. Demand for a micro-grids solution is 
on the rise due to a wide variety of factors impacting reliability and cost. Together, these factors 
are creating a challenging energy environment, but many organizations are better managing this 
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Appendix A Sizing DC Cables Sizing 
According to Australian standard, three critical factors should be observed when sizing the 
cables as follows (AS/NZS 5033: PV Standards 2014): 
1. The cable voltage ratings; 
2. The cable current carrying capacity; 
3. The minimizing of cable losses. 
A.1 The DC Cable Voltage Ratings 
The voltage ratings of standard DC solar cable do not normally exceed the PV system maximum 
nominal voltage which is around 1000 VDC. It is essential to take into consideration the 
maximum open-circuit voltage at the lowest temperature of the PV system when sizing cables.  
A.2 The DC Cable Current Carrying Capacity 
AS 5033:2014, if PV string overcurrent protection provided, it is not necessary to consider the 
Maximum Current Capacity of Circuit/Cable calculations.  
A.2.1 Sizing the Module and String Cabling 
The size of the DC cabling for solar module system is very important. The wire could heat-up if 
the cable diameter is too thin. In the best case scenario, this can impact efficiency through 
wasted energy, and it can damage the PV system and cause a fire. However, in the grid 
connected inverters, the strings can generate fault current as well as back feed current. 
Therefore, the string cable current rating should satisfy the following conditions in Equation 31. 
𝐼𝐶𝑎𝑏𝑙𝑒−𝑟𝑎𝑡𝑖𝑛𝑔 = 𝐼𝑆𝐶−𝑀𝑂𝐷×1.5 
Equation 31 Cable Current Rating 
Where: 
𝐼𝐶𝑎𝑏𝑙𝑒−𝑟𝑎𝑖𝑛𝑔: Cable current rating, in A; 
𝐼𝑆𝐶−𝑀𝑂𝐷: PV module short ciecuit current, in A. 
A.2.2 GIMG PV Farm: DC Cable Current Rating 
The correct size cabling rating for GIMG PV farm was calculated, and the results are presented 
in the following sections. 
A.2.3 The Minimizing of DC Cable Losses 
The sizing of the cable cross section was taken into consideration the need for as little cable 
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loss/voltage drop as possible. The Australian standard AS 5033:2014 recommends: the voltage 
drop in the direct voltage circuit should not exceed 3% of the nominal voltage of the PV system 
at standard test conditions (STC) (AS/NZS 5033: PV Standards 2014). Using AS 3008, the 
Voltage Drop from Circuit Impedance can be calculated using Equation 32. 




Equation 32 Voltage Drop 
Where: 
𝑉𝑑: Voltage drop in cable, in V; 
𝐼: Current flowing in cable, in A; 
𝐿: Route length, in m; 
𝑍𝐶: Impedance of cable, in  Ω/km. 
The impedance can be calculated by using the Equation 33. 
𝑍𝐶 = 𝑅𝑐 
Equation 33 Cable Impedance 
Where: 
𝑍𝐶: Impedance of cable, in Ω/km; 
𝑅𝑐  : Resistance of cable, in Ω/km. 
The values of reactance (Rc) for all cable types is shown in Table 36. 
Table 36 GIMG PV Farm: Cable Impedance 
Impedance of the Cable (𝒁𝑪) 





Impedance of the Cable 
(𝒁𝑪) (Ω/𝒌𝒎) 
6 PV String Cables 3.75 3.75 
50 DCCB 0.471 0.471 
120 04DCCB09-16 0.188 0.188 
150 04DCCB04-08 0.153 0.153 
185 04DCCB01-04 0.123 0.123 
Therefore, the Voltage drop percentage can be calculated using Equation 34. 
𝑉𝑑% =  
𝑉𝑑
𝑉𝑚𝑝𝑝−𝑡𝑜𝑡𝑎𝑙
 × 100 
Equation 34 Voltage Drop Percentage 
Where: 
𝑉𝑑%: Voltage drop in cable, in %; 
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𝑉𝑑: Voltage drop in cable, in V; 
𝑉𝑚𝑝𝑝−𝑡𝑜𝑡𝑎𝑙: Total maximum power point voltage in cable, in V. 
Total voltage drop can be calculated using the following Equation 35. 
𝑉𝑑−𝑡𝑜𝑡𝑎𝑙% =  𝑉𝑑−𝑆𝑡𝑟𝑖𝑛𝑔 𝑡𝑜 𝐷𝐶𝐶𝐵% +  𝑉𝑑−𝐷𝐶𝐶𝐵 𝑡𝑜 𝐼𝑁𝑉% 
Equation 35 Total Voltage Drop Percentage 
Where: 
𝑉𝑑−𝑡𝑜𝑡𝑎𝑙% : Voltage drop in cable, in %; 
𝑉𝑑−𝑆𝑡𝑟𝑖𝑛𝑔 𝑡𝑜 𝐷𝐶𝐶𝐵%: Voltage drop from string to DC Combiner Box in cable, in %; 
𝑉𝑑−𝐷𝐶𝐶𝐵 𝑡𝑜 𝐼𝑁𝑉%: Voltage drop from string to DC Combiner Box in cable, in %. 
The voltage drop of the cables for the strings to the DC combiner boxes(DCCB’s) is presented 
in Table 37. The same calculations procedure was used to calculate the voltage drop percentage 
from DC Combiner Boxes to Inverters (INV’s), and the results are shown in Table 38. The 
voltage drop from the longest String to DC Combiner Box and then to the Inverter was 
calculated for GIMG PV farm, and it is presented in Table 39. The following factors were taken 
into consideration for all cables: Single-Core, flat touching, PVC cable and considering 75℃ for 
conductor temperature. Refer to Appendix D.1 for the overall single line diagram and 
components ID tags. 
Table 37 GIMG PV Farm: Voltage Drop Percentage from Strings to DC Combiner Boxes 
String to DCCB (𝑽𝒅%) 





















Table 38 GIMG PV Farm: Voltage Drop Percentage from DC Combiner Boxes to Inverters  
DCCB to INV (𝑽𝒅%) 




Voltage Drop (𝑽𝒅%) 
Array 1 
01 01 346   1.982 
02 01 346   1.982 
03 01 271  1.931  
04 01 271  1.931  
05 01 346   1.982 
06 01 346   1.982 
07 01 271  1.931  
08 01 271  1.931  
Array 2a & 2b 
09 02 296  2.109  
10 02 296  2.109  
11 02 221 1.935   
12 02 221 1.935   
13 02 196 1.716   
14 02 196 1.716   
15 02 196 1.716   
16 02 196 1.716   
Table 39 GIMG PV Farm: Total Voltage Drop Percentage in Percentage 
Total Voltage Drop % 
From To 
Cable Length (m) String to Inverter (𝑽𝒅%) String INV 
Array 1 
STR-T101.01 01 426 2.747 
STR-T102.01 01 379 2.336 
STR-T103.01 01 351 2.696 
STR-T104.01 01 304 2.285 
STR-T105.01 01 426 2.747 
STR-T106.01 01 379 2.336 
STR-T107.01 01 351 2.696 
STR-T108.01 01 304 2.285 
Array 2a & 2b 
STR-T201.01 02 376 2.874 
STR-T202.01 02 329 2.464 
STR-T203.01 02 301 2.700 
STR-T204.01 02 254 2.289 
STR-T205.01 02 276 2.481 
STR-T206.01 02 229 2.070 
STR-T207.01 02 284 2.551 
STR-T208.01 02 247 2.228 
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Appendix B GIMG PV Farm: HelioScope Modeling 
Reports 
In this section, all the GIMG PV farm report which was simulated in HelioScope modeling 
software were presented.   
B.1 GIMG PV Farm: Design Option-1, PV Farm Layout 













B.2 GIMG PV Farm: Design Option-2, Tilt and Inter-Row 
























Appendix C Drawing Register 
Table 40 represents the drawing register employed in the design phase of this project. 
Table 40 GIMG PV Farm: Drawing Register System 
Site Works 1 
Survey, Clearing, and Demolition, Earthworks, Roads, 
Surfacing, Cadastral, Title Deeds 
Civil 2 Trenches, Foundations, Fencing 
Structural 3 
Site Layouts, Beams, Columns, Mounting Plates, Bolts, 
Frames, Pipes, Pressure Vessels 
Buildings 4 Buildings, Station, Stairs, Platforms, Internal Layouts 
Primary Electrical 5 
Elevations, Electrical Layouts, Labels, AC /DC 
Schematics, Lightning, Assemblies, Earthing, Cable 
Schedule 
Secondary 6 
Protection, Control, Supervisory, Block Diagram, 
Battery Charger for Protection, Cable Schedule, Panel 
Layouts 
Communications 7 Telstra, 3G, Radio, Comms Schematics, Block Diagram 
Manufacturer's equipment 8 As received from Manufacturer 
Processes 9 Block Diagram, Flow Chart, Schematic 
Table 41  presents the numbering system for equipment of GIMG PV system. 
Table 41 GIMG PV Farm: Equipment Numbering System 
Equipment Title Abbreviation in tagging system Sample Tag 
PV Array Farm 04  
Photovoltaic PV  
Table TAB TAB101 
String STR STR-T101.01 
Fuse F F-T101.01 
Isolation Switch ISO ISO-T101.01 
DC Combiner Box DCCB 04DCCB 
DC Isolator Switches (Isolation Box) DCIS 004DCIS 
Inverter INV INV01 
Table 42 represents the drawing register used in the design phase of the GIMG PV farm system. 












CWE1 5 4 1 3 
Garden Island Mirco Grid, PV Overall 
DC – Array 1 Single Line Diagram 
Sheet 1 
CWE1 5 4 2 3 
Garden Island Mirco Grid, PV Overall 
DC – Array 2 Single Line Diagram 
Sheet 2 
CWE1 5 6 1 3 
Garden Island Mirco Grid, DC 
Combiner Box 01 Single Line Diagram 
CWE1 5 8 1 2 
PV String Typical  
Wiring Diagram-TAB101.01 
CWE1 5 9 1 2 




Appendix D DC Components Technical Details 
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